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SUMMARY 
S e l e c t i v i t y i n an a n a l y t i c a l p r o c e d u r e i s mos t o f t e n a c h i e v e d by 
c o n t r o l l i n g c e r t a i n i m p o r t a n t f a c t o r s . I n g e n e r a l , t h e s e f a c t o r s a r e t h e 
n a t u r e of t h e r e a g e n t u sed , t h e pH of t h e s o l u t i o n , and t h e p r e s e n c e o f 
m a s k i n g r e a g e n t s . Of t h e s e f a c t o r s , t h e p r e s e n c e o f m a s k i n g r e a g e n t s i s 
t h e m o s t i m p o r t a n t . I n t h e p r e s e n t s t u d y , " low s t a b i l i t y m a s k i n g " ( i . e . , 
m a s k i n g b y t h e f o r m a t i o n o f r e l a t i v e l y weak c o m p l e x e s ) , " p a r t i a l m a s k i n g " 
( i . e . , m a s k i n g b y t h e a d d i t i o n of a f r a c t i o n o f t h e amount o f a m a s k i n g 
r e a g e n t e q u i v a l e n t t o t h e s p e c i e s t o be m a s k e d ) , and t h e p h o t o m e t r i c method 
of end p o i n t d e t e c t i o n have b e e n i n v e s t i g a t e d . "Low s t a b i l i t y m a s k i n g " 
h a s b e e n a p p l i e d t o t h e i r o n - b i s m u t h and t h e g a l l i u m - i n d i u m s y s t e m s . -
" P a r t i a l m a s k i n g " h a s b e e n a p p l i e d t o t h e c o b a l t - n i c k e l s y s t e m . The f o l ­
l o w i n g me thods have b e e n d e v e l o p e d : a p h o t o m e t r i c t i t r a t i o n o f s m a l l 
amounts o f i r o n i n t h e p r e s e n c e of b i s m u t h , a s e l e c t i v e t i t r a t i o n t o a 
v i s u a l end p o i n t o f s m a l l amounts o f g a l l i u m i n t h e p r e s e n c e of indium, 
and a p h o t o m e t r i c d e t e r m i n a t i o n o f t r a c e s o f c o b a l t i n t h e p r e s e n c e o f 
n i c k e l . 
Due t o c e r t a i n d e v i a t i o n s from l i n e a r i t y o b s e r v e d f o r t h e p h o t o -
t i t r a t o r u s e d f o r p a r t o f t h i s work, a s t u d y o f t h e cause o f t h e s e d e v i ­
a t i o n s was u n d e r t a k e n . T h i s s t u d y i n c l u d e d t h e d e s i g n i n g and t e s t i n g of 
a new p h o t o t i t r a t o r c i r c u i t . A l so , a c o m p a r i s o n of t h e q u a l i t y of t h e 
end p o i n t s o b t a i n e d u s i n g b o t h t h e p h o t o m e t r i c and t h e p o t e n t i o m e t r i c 
me thods o f end p o i n t d e t e c t i o n was made. 
I 
v i i i 
P h o t o m e t r i c T i t r a t i o n o f I r o n i n t h e P r e s e n c e of B i smuth 
I r o n ( l l l ) can he t i t r a t e d i n t h e p r e s e n c e o f l a r g e amounts o f "bis­
muth and some o t h e r m e t a l s i n t h e f o l l o w i n g manne r . Ammonium c h l o r i d e i s 
added t o t h e sample u n t i l a s a t u r a t e d s o l u t i o n i s o b t a i n e d . The pH i s ad ­
j u s t e d t o b e t w e e n 2 - 3 , and s u l f o s a l i c y l i c a c i d i s added a s i n d i c a t o r . The 
t i t r a t i o n i s p e r f o r m e d p h o t o m e t r i c a l l y a t a b o u t 508 mu w i t h ( e t h y l e n e d i n i -
t r i l o ) t e t r a a c e t i c a c i d (EDTA) a s t i t r a n t . C o r r e c t r e s u l t s have b e e n o b ­
t a i n e d w i t h b i s m u t h : i r o n m o l a r r a t i o s up t o 3 0 0 0 : 1 . I n t e r f e r e n c e s by some 
o t h e r m e t a l i o n s have b e e n i n v e s t i g a t e d . 
T i t r a t i o n of G a l l i u m i n t h e P r e s e n c e of Indium 
G a l l i u m can be t i t r a t e d t o a v i s u a l end p o i n t w i t h EDTA a t pH 1 . 3 -
1 .4 b y u s i n g X y l e n o l Orange a s i n d i c a t o r . Ind ium can be masked b y c h l o ­
r i d e ; a c o n c e n t r a t i o n o f 25 g of ammonium c h l o r i d e p e r 100 ml i s n e c e s s a r y . 
C o r r e c t r e s u l t s and good end p o i n t s a r e o b t a i n e d w i t h i n d i u m : g a l l i u m m o l a r 
r a t i o s up t o 3 0 0 : 1 . I n t e r f e r e n c e s b y some o t h e r m e t a l i o n s have b e e n i n ­
v e s t i g a t e d . ! 
P h o t o m e t r i c D e t e r m i n a t i o n o f T r a c e s o f C o b a l t i n N i c k e l 
C o b a l t can be de te rmined , p h o t o m e t r i c a l l y a s t h e g r e e n C o ( i l l ) - P A N 
complex i n t h e f o l l o w i n g manner . About 98 p e r c e n t o f t h e amount o f EDTA 
e q u i v a l e n t t o t h e n i c k e l p r e s e n t i n t h e sample i s a d d e d . E t h a n o l i s added 
u n t i l a 50 p e r c e n t e t h a n o l - w a t e r s o l u t i o n i s o b t a i n e d , and t h e pH i s ad ­
j u s t e d t o 2 . 0 - 2 . 5 . PAN i n d i c a t o r i s added, and t h e s o l u t i o n i s a e r a t e d 
f o r one h o u r o r m o r e . The C o ( i l l ) - P A N complex and t h e e x c e s s PAN a r e e x ­
t r a c t e d i n t o c h l o r o f o r m , and t h e a b s o r b a n c e o f t h e e x t r a c t a t 625 mu i s 
m e a s u r e d . C o r r e c t r e s u l t s have b e e n o b t a i n e d f o r n i c k e l : c o b a l t m o l a r 
i x 
r a t i o s up t o 2 0 , 0 0 0 : 1 . I n t e r f e r e n c e s b y some o t h e r m e t a l s have b e e n i n ­
v e s t i g a t e d . 
L i n e a r i t y S t u d i e s 
D e v i a t i o n s from l i n e a r i t y a t w a v e l e n g t h s b e t w e e n ^00-500 mu were 
o b s e r v e d f o r b o t h t h e o r i g i n a l model o f t h e p h o t o t i t r a t o r u s e d i n t h i s 
work and a m o d i f i e d v e r s i o n e m p l o y i n g a d i f f e r e n t p h o t o d e t e c t o r and c i r ­
c u i t . I n v e s t i g a t i o n s have b e e n made which show t h a t t h e s e d e v i a t i o n s a r e 
due t o nonmonochromacy of t h e l i g h t s t r i k i n g t h e p h o t o d e t e c t o r . 
P h o t o m e t r i c and P o t e n t i o m e t r i c End P o i n t S t u d i e s 
S i m u l t a n e o u s p h o t o m e t r i c and p o t e n t i o m e t r i c t i t r a t i o n s o f c o p p e r ( l l ) 
w i t h EDTA a t s e v e r a l d i f f e r e n t pH v a l u e s have b e e n p e r f o r m e d . The r e s u l ­
t a n t t i t r a t i o n c u r v e s have b e e n compared t o t h e o r e t i c a l l y c a l c u l a t e d t i ­
t r a t i o n c u r v e s , and t h e d i f f e r e n c e i n t h e q u a l i t y and u t i l i t y o f t h e end 




D e f i n i t i o n s 
I n t h e i n t r o d u c t i o n o f a t o p i c such a s t h e one which f o l l o w s , i t 
i s h e l p f u l t o p r e f a c e any d i s c u s s i o n w i t h a few d e f i n i t i o n s . These d e f i ­
n i t i o n s may d i f f e r s l i g h t l y i n d e n o t a t i o n from t h o s e found i n o t h e r l i ­
t e r a t u r e , h u t t h e y w i l l be a p p l i e d u n i f o r m l y t h r o u g h o u t t h i s d i s c u s s i o n . 
A m e t a l complex i s a s p e c i e s formed by t h e c o o r d i n a t i v e a t t a c h m e n t 
o f one o r more m o l e c u l e s o r i o n s t o a m e t a l i o n i n s o l u t i o n . The s p e c i e s 
c o o r d i n a t e d a b o u t t h e m e t a l i o n a r e c a l l e d l i g a n d s . L i g a n d s which a r e 
c a p a b l e o f o c c u p y i n g o n l y one c o o r d i n a t i n g p o s i t i o n on a m e t a l i o n a r e 
s a i d t o be u n i d e n t a t e . L i g a n d s which a r e c a p a b l e of f o r m i n g two, t h r e e , 
e t c . bonds t o m e t a l i o n s a r e s a i d t o be b i d e n t a t e ; t r i d e n t a t e ; e t c . I n 
g e n e r a l , a p o l y d e n t a t e l i g a n d i s one which i s c a p a b l e of o c c u p y i n g s e v e r a l 
c o o r d i n a t i o n p o s i t i o n s on m e t a l i o n s s i m u l t a n e o u s l y . The t e r m c h e l a t e 
complex, i n t r o d u c e d by Morgan and Drew ( l ) d e n o t e d a p a r t i c u l a r t y p e o f 
complex formed by a p o l y d e n t a t e l i g a n d . A c h e l a t e complex i s one i n which 
t h e m e t a l i o n i s a member of one o r more r i n g s ; t h e s e r i n g s a r e u s u a l l y 
f i v e - o r s ix -membered i n t h e a n a l y t i c a l l y i m p o r t a n t c o m p l e x e s . The word 
c h e l o n i s t h e name f o r a s p e c i a l c l a s s o f c h e l a t i n g a g e n t s , t h e p o l y a m i n o -
c a r b o x y l i c a c i d s , which form s t a b l e , w a t e r s o l u b l e and p r e d o m i n a t e l y 1 : 1 , 
complexes w i t h m e t a l i o n s . A c o m p l e x o m e t r i c t i t r a t i o n i s any t i t r a t i o n 
which i s b a s e d on a c o m p l e x a t i o n r e a c t i o n . Complexomet r ic t i t r a t i o n s i n 
2 
which t h e r e s u l t i n g complex s p e c i e s i s a c h e l a t e a r e c a l l e d c h e l a t o m e t r i c 
t i t r a t i o n s . C h e l a t o m e t r i c t i t r a t i o n s b a s e d on t h e u s e of c h e l o n s a r e 
c a l l e d c h e l o m e t r i c t i t r a t i o n s . A l t h o u g h mos t of t h e me thods r e p o r t e d i n 
t h e l i t e r a t u r e t o d a t e have b e e n c h e l o m e t r i c m e t h o d s , o f t e n no d i s t i n c t i o n 
i s drawn b e t w e e n complexometr ic . , c h e l a t o m e t r i c , and c h e l o m e t r i c t i t r a t i o n s . 
H i s t o r i c a l Review 
U n t i l 1 9 4 5 - 6 when Schwarzenbach i n t r o d u c e d ( e t h y l e n e d i n i t r i l o ) t e t r a -
a c e t i c a c i d (EDTA) a s a t i t r a n t f o r m e t a l i o n s (2 , 3, 4 ) , t h e r e were few 
methods which i n v o l v e d c o m p l e x a t i o n a s a b a s i s f o r a t i t r a t i o n . The f i r s t 
a p p l i c a t i o n o f a c o m p l e x a t i o n r e a c t i o n t o t i t r i m e t r y was r e p o r t e d b y Ma-
r o z e a u i n 1832 ( 5 ) . I n t h i s p r o c e d u r e , i o d i d e i s t i t r a t e d w i t h m e r c u r y ( l l ) 
t o form t h e complex H g l " 2 4 ; t h e end p o i n t i s i n d i c a t e d b y t h e p r e c i p i t a t i o n 
o f H g l 2 a c c o r d i n g t o 
H g + 2 + H g l " 2 4 = 2 H g I 2 
Only a l i m i t e d number of t i t r a t i o n s of t h i s t y p e have' b e e n d e v e l o p e d j t h e 
b e s t known of which a r e t h e t i t r a t i o n o f c y a n i d e w i t h s i l v e r ( 6 ) , c h l o ­
r i d e w i t h m e r c u r y ( 7 ) , and n i c k e l , o r c o p p e r w i t h c y a n i d e ( 8 , 9 ) . 
A f t e r EDTA was i n t r o d u c e d i t found a p p l i c a t i o n s f o r t h e d e t e r m i n a ­
t i o n of n e a r l y a l l p o l y v a l e n t m e t a l i o n s . EDTA forms s t a b l e 1 :1 complexes 
w i t h mos t m e t a l i o n s . C h e l o m e t r i c t i t r a t i o n s i n v o l v i n g EDTA and r e l a t e d 
compounds have become i n c r e a s i n g l y i m p o r t a n t , and t h e l i t e r a t u r e i n t h e 
f i e l d a l r e a d y numbers s e v e r a l t h o u s a n d p u b l i c a t i o n s . Schwarzenbach and 
F l a s c h k a (10 ) have r e c e n t l y r e v i e w e d t h e scope and t h e o r e t i c a l a s p e c t s o f 
3 
c h e l o m e t r i c t i t r a t i o n s a s w e l l a s t h e p r a c t i c a l a p p l i c a t i o n s . 
The S t a b i l i t y C o n s t a n t 
The e q u i l i b r i a o f complex compounds i n s o l u t i o n can be d e f i n e d b y 
e q u a t i o n s "based on t h e l aw of mass a c t i o n . The f o r m u l a t i o n of t h i s l aw 
s t a t e s t h a t f o r a c o m p l e x a t i o n r e a c t i o n 
mM + nL = M L 
m n 
t h e c o n c e n t r a t i o n s of t h e components i n s o l u t i o n a r e r e l a t e d b y t h e e q u a ­
t i o n 
[M L ] 
m n LMJ LLJ 
where t h e b r a c k e t s d e n o t e c o n c e n t r a t i o n s and ^ i s t h e s t a b i l i t y c o n s t a n t 
m n 
f o r t h e c o m p l e x a t i o n r e a c t i o n . F o r o u r p u r p o s e s o n l y m o n o n u c l e a r complexes 
( i . e . , m = l ) w i l l be c o n s i d e r e d . I n t h i s c a s e t h e a d d i t i o n o f l i g a n d s t o 
t h e c e n t r a l m e t a l i o n w i l l t a k e p l a c e i n a s t e p w i s e manner a s g i v e n b y t h e 
e x p r e s s i o n s 
M + L = ML 
ML + L = ML 2 
MLn-i + L = ML n 
The e q u i l i b r i u m c o n s t a n t f o r e a c h c o m p l e x a t i o n s t e p i s t h e n 
k 
, [ M L ] 
k l =
 T M I T L T 
[ML P] 
2
 [ M L ] [ L ] 
[ML n ] 
k^ = 
n
 [ M L n . i ] [ L ] 
These c o n s t a n t s a r e c a l l e d , t h e c o n s e c u t i v e o r s t e p w i s e s t a b i l i t y c o n s t a n t s 
The o v e r a l l c o m p l e x a t i o n r e a c t i o n may b e w r i t t e n a s 
M + nl> = ML 
n 
I t can be e a s i l y - shown t h a t i s t h e p r o d u c t o f t h e s t e p w i s e s t a b i l i t y 
c o n s t a n t s f o r t h e c o m p l e x a t i o n r e a c t i o n . Tha t i s 
K ^ - k x ^ . . . . ^ 
T h i s c o n s t a n t i s known a s t h e o v e r a l l s t a b i l i t y c o n s t a n t o r t h e s t a b i l i t y 
p r o d u c t . 
I f t h e b r a c k e t s i n t h e e x p r e s s i o n f o r t h e s t a b i l i t y c o n s t a n t s g i v e n 
above r e p r e s e n t t h e a c t i v i t i e s of t h e e n c l o s e d s p e c i e s , t h e p a r t i c u l a r 
s t a b i l i t y c o n s t a n t i s c a l l e d t h e thermodynamic s t a b i l i t y c o n s t a n t . T h i s 
c o n s t a n t , however , i s of l i t t l e p r a c t i c a l v a l u e f o r t h e p u r p o s e s of a n a l y ­
t i c a l c h e m i s t r y and i s m o s t l y of i n t e r e s t t o p h y s i c a l c h e m i s t s . I t i s 
more p r a c t i c a l t o l e t t h e b r a c k e t s r e p r e s e n t t h e m o l a r c o n c e n t r a t i o n o f 
t h e s p e c i e s i n v o l v e d . I n f a c t , t h e s t a b i l i t y c o n s t a n t s of mos t complex 
5 
compounds a r e u s u a l l y d e t e r m i n e d a s c o n c e n t r a t i o n c o n s t a n t s a t .a g i v e n 
i o n i c s t r e n g t h . Ringbom ( l l ) h a s shown t h a t t h e e f f e c t o f changes o f 
i o n i c s t r e n g t h , u, on c o n c e n t r a t i o n c o n s t a n t s can u s u a l l y be n e g l e c t e d 
i n t h e r a n g e b e t w e e n p. = 0 . 1 t o 0 . 5 - F o r t u n a t e l y t h i s i s t h e r a n g e i n 
which c h e l o m e t r i c t i t r a t i o n s a r e commonly' p e r f o r m e d . 
The c o m p l e x a t i o n r e a c t i o n b e t w e e n a m e t a l , M, and a c h e l o n , Y, may 
b e w r i t t e n a s 
M + Y = MY 
t h e e q u i l i b r i u m c o n s t a n t i s t h e n 
The e x p r e s s i o n f o r t h e s t a b i l i t y c o n s t a n t i n t e r m s o f m o l a r c o n c e n ­
t r a t i o n a s w r i t t e n , above i s c a l l e d t h e a b s o l u t e s t a b i l i t y c o n s t a n t , K , . 
ao s 
I n t h e a b s o l u t e s t a b i l i t y c o n s t a n t , o n l y t h e c o n c e n t r a t i o n s of t h e " f r e e " 
m e t a l i o n ( i . e . , m e t a l i o n which i s p r e s e n t a s t h e aquo complex ) , t h e 
f u l l y d i s s o c i a t e d Y, and t h e complex MY a r e u s e d . The a p p l i c a b i l i t y o f 
t h e a b s o l u t e s t a b i l i t y c o n s t a n t t o p r a c t i c a l c a l c u l a t i o n s i s c o m p l i c a t e d 
by t h e f a c t t h a t t h e many p o s s i b l e s i d e r e a c t i o n s o f t h e c h e l o n and m e t a l 
can a f f e c t t h e s e c o n c e n t r a t i o n s . F o r example , r e a c t i o n s o f t h e m e t a l w i t h 
o t h e r complex f o r m e r s i n t h e s o l u t i o n , p r o t o n a t i o n of t h e c h e l o n , and t h e 
f o r m a t i o n of p r o t o n a t e d and mixed complexes o f t h e t y p e M ( H Y ) , M(0H)Y, and 
MZY mus t o f t e n be t a k e n i n t o c o n s i d e r a t i o n . 
I n o r d e r t o t a k e t h e v a r i o u s s i d e r e a c t i o n s i n t o a c c o u n t i n a c a l -
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c u l a t i o n , an e x p a n s i o n of t h e a p p r o a c h i s n e c e s s a r y . Such an e x p a n s i o n 
was i n t r o d u c e d hy Schwarzenbach (12 ) and l a t e r e x t e n d e d by Ringbom ( l l ) 
and i n v o l v e s t h e c o n c e p t s of t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t . The con­
d i t i o n a l s t a b i l i t y c o n s t a n t i s w r i t t e n a s a f u n c t i o n o f t h e t o t a l c o n c e n ­
t r a t i o n of t h e complex MY and o f t h e m e t a l and c h e l o n which have n o t 
p a r t i c i p a t e d i n t h e complex f o r m a t i o n . I t c o m p e n s a t e s f o r t h e e f f e c t s 
o f any c o m p e t i n g s i d e r e a c t i o n s and i s r e l a t e d t o t h e a b s o l u t e s t a b i l i t y 
c o n s t a n t b y e a s i l y c a l c u l a t e d f a c t o r s . When c o n d i t i o n a l s t a b i l i t y con­
s t a n t s a r e u s e d , a l l t i t r a t i o n c a l c u l a t i o n s can be made a s i f o n l y t h e 
p r i m a r y r e a c t i o n were t a k i n g p l a c e . 
S i n c e , i n t h e d e t e r m i n a t i o n of s t a b i l i t y c o n s t a n t s , some c o n c e n t r a ­
t i o n s a r e m e a s u r e d p o t e n t i o m e t r i c a l l y , a n o t h e r t y p e of s t a b i l i t y c o n s t a n t , 
u s u a l l y a mixed c o n s t a n t , i s i n p r a c t i c a l u s a g e . A mixed c o n s t a n t i n v o l v e s 
b o t h a c t i v i t i e s and c o n c e n t r a t i o n s i n t h e s t a b i l i t y c o n s t a n t e x p r e s s i o n . 
Thus i f c o n c e n t r a t i o n c o n s t a n t s a r e t o be u s e d i n a c a l c u l a t i o n , a l l p o -
t e n t i o m e t r i c a l l y d e t e r m i n e d q u a n t i t i e s ( u s u a l l y pH) mus t be c o r r e c t e d , 
s i n c e t h e s e q u a n t i t i e s a r e a c t i v i t i e s r a t h e r t h a n c o n c e n t r a t i o n s . T h i s 
c o r r e c t i o n can be e a s i l y a v o i d e d b y t h e u s e of mixed s t a b i l i t y c o n s t a n t s . 
Thus t h e e q u i l i b r i u m e x p r e s s i o n f o r a mixed s t a b i l i t y c o n s t a n t c o n t a i n s 
h y d r o g e n and h y d r o x i d e i o n a c t i v i t i e s , b u t c o n t a i n s c o n c e n t r a t i o n s o f a l l 
o t h e r s p e c i e s . Bo th a b s o l u t e and c o n d i t i o n a l s t a b i l i t y c o n s t a n t s can b e 
e x p r e s s e d a s mixed c o n s t a n t s when h y d r o g e n o r h y d r o x i d e i o n s p a r t i c i p a t e 
i n t h e e q u i l i b r i u m . 
The Concept of C o n d i t i o n a l S t a b i l i t y C o n s t a n t s 
The e x p r e s s i o n f o r a c o n d i t i o n a l s t a b i l i t y c o n s t a n t f o r a . c o m p l e x a -
1 
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t i o n r e a c t i o n can be d e r i v e d from t h e a b s o l u t e s t a b i l i t y c o n s t a n t by con­
s i d e r a t i o n of a f a c t o r c a l c u l a t e d f o r e a c h s i d e r e a c t i o n . The c a l c u l a t i o n 
o f t h e s e f a c t o r s w i l l be t r e a t e d s e p a r a t e l y i n t h e f o l l o w i n g s e c t i o n s . 
The I n f l u e n c e o f pH, t h e a F a c t o r 
EDTA and r e l a . t e d compounds a r e p o l y p r o t i c a c i d s and a r e p r e s e n t a s 
c o m p l e t e l y d i s s o c i a t e d a n i o n s o n l y i n s t r o n g l y a l k a l i n e s o l u t i o n s . At a 
pH l o w e r t h a n a b o u t 1 0 - 1 1 , t h e uncomplexed c h e l o n w i l l be p r e s e n t i n i t s 
v a r i o u s p r o t o n a t e d forms , HY~ 3, H 2 Y~ 2 , H3Y- 1 , and H 4 Y. The r e l a t i v e amounts 
of t h e s e p r o t o n a t e d forms w i l l v a r y w i t h t h e pH and t h e a c i d d i s s o c i a t i o n 
c o n s t a n t s of t h e p a r t i c u l a r c h e l o n . Hydrogen i o n i s , i n e f f e c t , c o m p e t i n g 
w i t h t h e m e t a l i o n f o r t h e c h e l o n , and t h u s t h e a p p a r e n t s t a b i l i t y of t h e 
m e t a l complex i s r e d u c e d a t a l o w e r pH. I n o r d e r t o a c c o u n t f o r t h i s e f ­
f e c t , t h e s t a b i l i t y c o n s t a n t u n d e r t h e a c t u a l s o l u t i o n c o n d i t i o n s mus t 
be c a l c u l a t e d . The r e s u l t i n g c o n s t a n t i s c a l l e d t h e c o n d i t i o n a l ( some­
t i m e s t h e a p p a r e n t o r e f f e c t i v e ) s t a b i l i t y c o n s t a n t . A f a c t o r , a , can b e 
ii 
u s e d t o c a l c u l a t e t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t from t h e a b s o l u t e 
s t a b i l i t y c o n s t a n t . The s u b s c r i p t H s p e c i f i e s t h a t t h e h y d r o g e n i o n con­
c e n t r a t i o n dependence i s b e i n g c o n s i d e r e d . 
I n t h e f o l l o w i n g d i s c u s s i o n s , a l l c a l c u l a t i o n s w i l l be made on t h e 
b a s i s of m o l a r c o n c e n t r a t i o n s , a s s y m b o l i z e d by b r a c k e t s , w i t h t h e e x c e p ­
t i o n t h a t h y d r o g e n i o n a c t i v i t y , d e n o t e d by p a r e n t h e s e s , w i l l b e employed. 
Here , and t h r o u g h o u t t h i s d i s c u s s i o n , c h a r g e s a r e o m i t t e d whenever t h e y 
a r e n o t r e q u i r e d f o r c l a r i t y . 
I f p r o t o n a t i o n of t h e l i g a n d i s t h e o n l y s i d e r e a c t i o n , t h e c o n d i ­
t i o n a l s t a b i l i t y c o n s t a n t a t any pH may be e x p r e s s e d a s 
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K 
[MY] ( 1 ) 
cond [ M ] [ Y ] 
where [ Y ] d e n o t e s t h e t o t a l c o n c e n t r a t i o n o f c h e l o n n o t combined w i t h 
t h e m e t a l i o n , which i n c l u d e s t h e c o m p l e t e l y d i s s o c i a t e d and a l l t h e p r o ­
t o n a t e d forms which may e x i s t a t a p a r t i c u l a r pH. Only a f r a c t i o n o f t h e 
r i* 
c h e l o n n o t combined w i t h t h e m e t a l i o n , LYJ, i s p r e s e n t i n i t s f u l l y d i s ­
s o c i a t e d form. 
r -i* 
The q u a n t i t y LYJ i s r e l a t e d t o t h e m o l a r c o n c e n t r a t i o n of t h e com­
p l e t e l y d i s s o c i a t e d c h e l o n [ Y ] by t h e r e l a t i o n 
Assuming t h a t Y i s a t e t r a p r o t i c a c i d such a s EDTA, t h e m a t e r i a l 
b a l a n c e g i v e s 
In o r d e r t o e x p r e s s e q u a t i o n ( 3 ) i n a form which shows t h e r e l a t i o n s h i p 
b e t w e e n [Y] and h y d r o g e n i o n c o n c e n t r a t i o n , e x p r e s s i o n s f o r t h e v a r i o u s 
t e r m s i n t h e e q u a t i o n a r e o b t a i n e d by i n t r o d u c i n g t h e s t e p w i s e a c i d d i s ­
s o c i a t i o n c o n s t a n t s of t h e c h e l o n . However, i t i s more s u i t a b l e , f o r 
p r a c t i c a l p u r p o s e s , t o employ t h e r e c i p r o c a l s of t h e s t e p w i s e a c i d . d i s ­
s o c i a t i o n c o n s t a n t s , t h a t i s t o s a y t h e s t a b i l i t y c o n s t a n t s o f t h e 
" p r o t o n complexes" of t h e c h e l o n . F o r a t e t r a p r o t i c a c i d such a s EDTA 
and r e l a t e d c h e l o n s , t h e s e e x p r e s s i o n s a r e 
[ Y ] * = [ Y ] a 
'H ( 2 ) 




T H ) T Y T 
Ko = 
[H 2 Y] 
( H ) [ H Y ] 
Ko = 
[HoY] 
( H ) [ H 2 Y ] 
KA = 
[ H 4 Y ] 
(H)[H 3 Y] 
( 5 ) 
( 6 ) 
( 7 ) 
I t s h o u l d he n o t e d t h a t t h e number ing o f t h e p r o t o n s t a b i l i t y c o n s t a n t s 
i s t h e i n v e r s e o f t h a t o f t h e d i s s o c i a t i o n c o n s t a n t s ; i . e . , K 4 c o r r e s p o n d s 
t o t h e f i r s t d i s s o c i a t i o n c o n s t a n t , K 3 t o t h e second , e t c . From t h e e q u a ­
t i o n s above , one can i n t r o d u c e an e x p r e s s i o n f o r t h e c o n c e n t r a t i o n s o f a l l 
t h e p r o t o n a t e d forms of t h e c h e l o n a p p e a r i n g i n e q u a t i o n ( 3 ) - When e q u a ­
t i o n s ( 4 - 7 ) a r e combined w i t h e q u a t i o n ( 3 ) , t h e r e s u l t i s 
[ Y ] * = [Y] + K ; L (H)[Y] + K 2 (H)[HY] + K 3 ( H ) [ H 2 Y ] + K 4 ( H ) [ H 3 Y ] (8 ) 
c o m p l e t i n g t h e s u b s t i t u t i o n t o r e p l a c e a l l c o n c e n t r a t i o n t e r m s o t h e r t h a n 
[Y] on t h e r i g h t s i d e of ( 8 ) g i v e s 
[ Y ] * = [Y] + K ; L [ Y ] ( H ) + K ! K 2 [ Y ] ( H ) 2 + K ! K 2 K 3 [ Y ] ( H ) 3 ( 9 ) 
+ K 1 K 2 K 3 K 4 [ Y " J ( H ) 4 
D i v i s i o n o f [Y] b y [Y] and c o m b i n a t i o n w i t h e q u a t i o n ( 2 ) g i v e s t h e d e s i r e d 
IG 
e x p r e s s i o n f o r a 
H 
a = - T T - = 1 + K i M + K i K s ( H ) 2 + KxKoKsCH) 3 + K i K 2 K 3 K 4 ( H ) 4 ( 1 0 ) 
H
 [Y] 
•Equa t ion (10 ) a l l o w s t h e c a l c u l a t i o n of a f o r any pH v a l u e p r o v i d e d 
t h e f o u r p r o t o n a t i o n c o n s t a n t s of t h e c h e l o n a r e known. I t i s c o n v e n i e n t 
and i n f o r m a t i v e t o c a l c u l a t e t h e C L f o r a c h e l o n a t s e v e r a l d i f f e r e n t pH 
ii 
v a l u e s and t o p l o t l o g CL, v e r s u s pH. F i g u r e 1 shows such a p l o t f o r EDTA. 
ii 
When OL, a t any pH i s known, t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t can be c a l -ii 
c u l a t e d b y combining; e q u a t i o n s ( l ) and (2 ) w i t h t h e e x p r e s s i o n f o r t h e a b ­
s o l u t e s t a b i l i t y c o n s t a n t t o o b t a i n 
K •= [MY] K a b s 
cond • [ M ] [ Y ] Q ; H aR 
o r , i n l o g a r i t h m i c form 
l o g K , = l o g K - l o g au ( 12 ) 
° cond abs H 
Note t h a t t h i s e q u a t i o n c o n t a i n s o n l y t h e n o r m a l complexes MY and none of 
t h e h y d r o g e n (MHY) o r hyd roxo (MOHY) complexes which may be formed u n d e r 
e x t r e m e pH c o n d i t i o n s . I t i s a l s o of i n t e r e s t t o n o t e t h a t t h e n u m e r i c a l 
v a l u e of CL, i s n o t d e p e n d e n t upon t h e c o n c e n t r a t i o n of Y b u t , f o r a g i v e n 
ii 
c h e l o n , i s d e t e r m i n e d s o l e l y by t h e pH. 
Thus t h e e f f e c t of l o w e r i n g t h e pH on t h e e q u i l i b r i u m b e t w e e n t h e 




t h e a b s o l u t e s t a b i l i t y c o n s t a n t . T h i s i n d i c a t e s t h a t a t a pH v a l u e l o w e r 
t h a n a b o u t 1 1 t h e e q u i l i b r i u m 
M + Y ^ MY 
i s s h i f t e d t o w a r d t h e l e f t and t h e MY c o n c e n t r a t i o n a t e q u i l i b r i u m i s 
s m a l l e r . By u s i n g e q u a t i o n (12 ) a s p r e s e n t e d above , c a l c u l a t i o n s can b e 
p e r f o r m e d which a l l o w t h e p r e d i c t i o n o f t h e e f f e c t of pH on t h e e q u i l i ­
b r i u m b e t w e e n t h e m e t a l i o n and t h e c h e l o n . F o r example , t h e l o g a r i t h m 
of t h e a b s o l u t e s t a b i l i t y c o n s t a n t of t h e calcium-EBTA complex i s 1 0 - 7 
and t h e v a l u e of l o g f o r EBTA a t pH 3-0 i s 1 0 . 6 ( l l ) . Thus t h e l o g a r i t h m 
of t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t of t h e calcium-EDTA complex a t pH 
3 . 0 a s c a l c u l a t e d from e q u a t i o n (12) i s 1 0 . 7 - 1 0 . 6 = 0 . 1 . At a pH of 
3 . 0 , t h e n , t h e calcium-EDTA complex i s e s s e n t i a l l y c o m p l e t e l y d i s s o c i a t e d 
and, f o r a l l p r a c t i c a l p u r p o s e s , c a l c i u m w i l l n o t r e a c t w i t h EDTA. 
The i n f l u e n c e of t h e f o r m a t i o n of hydroxo complexes (which i s d e ­
p e n d e n t on pH) on t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t o f t h e m e t a l - c h e l o n 
complex i s d i s c u s s e d i n t h e n e x t s e c t i o n "because t h e m a t h e m a t i c a l t r e a t ­
ment i s a n a l o g o u s t o t h a t f o r a u x i l i a r y c o m p l e x - f o r m e r s . 
The I n f l u e n c e of O t h e r Complex-Formers , t h e g F a c t o r 
When a c o m p l e x - f o r m i n g s u b s t a n c e o t h e r t h a n t h e c h e l o n i s p r e s e n t 
i n t h e s o l u t i o n , t h e m e t a l i o n i n t h e s o l u t i o n i s d i s t r i b u t e d b e t w e e n t h e 
" f r e e " a q u a t e d i o n and t h e complexes formed w i t h t h e c h e l o n and t h e o t h e r 
c o m p l e x - f o r m i n g s u b s t a n c e . The c o n d i t i o n a l s t a b i l i t y c o n s t a n t which t a k e s 
i n t o a c c o u n t t h e i n f l u e n c e o f an a u x i l i a r y complex - fo rmer , Z, i s g i v e n b y 
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where [ M ] i s t h e c o n c e n t r a t i o n of t h e m e t a l i o n n o t combined w i t h t h e 
c h e l o n , t h i s t e r m i n c l u d e s t h e " f r e e " m e t a l i o n c o n c e n t r a t i o n a s w e l l a s 
t h a t of a l l t h e complexes formed w i t h Z. The r e l a t i o n s h i p b e t w e e n [ M ] 
and [M] i s a n a l o g o u s t o t h a t g i v e n by e q u a t i o n ( 2 ) and i s g i v e n by 
[ M ] * = [ M t e z (1*0 
Assuming t h a t t h e complexes b e t w e e n t h e m e t a l i o n and Z a r e m o n o n u c l e a r 
( i . e . , t h a t t h e r e i s o n l y one m e t a l i o n i n e a c h complex s p e c i e s ) , t h e t o t a l 
amount o f t h e m e t a l i o n which i s n o t combined w i t h t h e c h e l o n i s g i v e n b y 
[ M ] * = [M] + [MZ] + [MZ 2] + [MZ n] ( 15 ) 
The s t e p w i s e s t a b i l i t y c o n s t a n t s f o r f o r m a t i o n o f complexes b e t w e e n t h e 
m e t a l i o n and Z g i v e n b y 
v [MZ]
 f „ Ki =
 r - - - ( 1 6 ) [M][Z] ' 
[MZ g ] 
**
= ( 1 T ) 
K i i , 7 J £ J ( 1 8 ) 
1 1
 [ M Z n _ ! ] [ z ] 
The e l i m i n a t i o n b y a p p r o p r i a t e s u b s t i t u t i o n s from e q u a t i o n s ( l 6 ) , ( 1 7 ) , 
and ( l 8 ) of a l l t e r m s i n v o l v i n g t h e c o n c e n t r a t i o n o f t h e complexes formed 
b y t h e m e t a l i o n and Z g i v e s 
Ik 
[M] = [M] + K J M H Z ] + K X K 2 [ M ] [ Z ] 2 + . . . + K 1 K 2 . . . K n M [ z ] n ( 19 ) 
D i v i s i o n "by [ M ] and c o m b i n a t i o n w i t h e q u a t i o n (lh) g i v e s 
P z = 1 + K j Z ] + K 3 K 2 [ Z ] 2 + . . . + K X K 2 . . . K j z ] 1 1 ( 20 ) 
The e x p r e s s i o n f o r t h e c o n d i t i o n s i l s t a b i l i t y c o n s t a n t i s t h e n o b t a i n e d 
from a c o m b i n a t i o n of e q u a t i o n s (13 ) and ( l 4 ) w i t h t h e e x p r e s s i o n f o r t h e 
a b s o l u t e s t a b i l i t y c o n s t a n t . The r e s u l t i s 
K - ^ ] = ^ a b s ( 2 1 ) 
cond [ M ] [ Y ] p 7 p_ 
o r , i n l o g a r i t h m i c form 
l o g K c o M - l o & K - l o g p z ( 2 2 ) 
I t s h o u l d be n o t e d t h a t [ z ] i s t h e c o n c e n t r a t i o n of t h e " f r e e " l i ­
gand, t h a t i s , t h e l i g a n d n o t combined w i t h t h e m e t a l i o n o r bound a s a 
p r o t o n complex . The t o t a l c o n c e n t r a t i o n of Z can be t a k e n t o be e q u a l t o 
[ z ] o n l y i f a s u f f i c i e n t e x c e s s i s p r e s e n t , and t h e pH i s such t h a t t h e 
amount o f Z combined w i t h t h e m e t a l and h e l d a s t h e p r o t o n complex may be 
n e g l e c t e d . I t i s i m p o r t a n t t o r e a l i z e t h a t Z may b e , and mos t o f t e n i s , 
t h e c o n j u g a t e b a s e of a weak a c i d o r a b a s e ( e . g . , a c e t a t e , ammonia, hy ­
d r o x i d e ) so t h a t t h e c o n c e n t r a t i o n of f r e e Z, [ z ] , depends upon t h e pH. 
T h i s e f f e c t can b e e a . s i l y c a l c u l a t e d from t h e ; a p p r o p r i a t e ct^ f o r Z a s 
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shown i n t h e p r e v i o u s s e c t i o n . 
I f s e v e r a l complex f o r m e r s a r e p r e s e n t i n t h e s o l u t i o n , t h e o v e r a l l 
f3 f a c t o r can be c a l c u l a t e d a c c o r d i n g t o 
g t o t a l = P i + + • • • • • + Pp + ( 1 " P) ( 2 3 ) 
where p i s t h e t o t a l number of c o m p l e x - f o r m e r s i n s o l u t i o n ( l l ) . U s u a l l y 
one o r two o f t h e f a . c t o r s w i l l b e s i g n i f i c a n t l y l a r g e r t h a n t h e o t h e r s 
and t h e s e o t h e r f a c t o r s can then, be n e g l e c t e d . 
I f b o t h t h e pH e f f e c t and t h e e f f e c t due t o t h e p r e s e n c e o f f o r e i g n 
c o m p l e x - f o r m e r s mus t be c o n s i d e r e d s i m u l t a n e o u s l y , t h e c o n d i t i o n a l s t a ­
b i l i t y c o n s t a n t i s o b t a i n e d b y combin ing t h e d e r i v a t i o n s g i v e n above 
K = 5 a b s ( 2 4 ) 
cond [ M ] [Y] a H P z 
o r , i n l o g a r i t h m i c form 
l 0 g K o o n d = 1 0 8 K a b s " l 0 S « H " l 0 S P Z ^ 
Q t h e r I n f l u e n c e s 
The v a l u e o f t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t i s a l s o a f f e c t e d 
b y t h e p r e s e n c e i n t h e s o l u t i o n of o t h e r m e t a l s which form complexes w i t h 
t h e c h e l o n , b y t h e f o r m a t i o n of mixed a c i d o r b a s e complexes of t h e t y p e 
MHY and M(OH)Y, and by t h e f o r m a t i o n of o t h e r mixed complexes of t h e t y p e 
MZY. When such s i d e r e a c t i o n s a r e s i g n i f i c a n t , t h e i r i n f l u e n c e can be 
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t a k e n i n t o a c c o u n t w i t h f a c t o r s which a r e c a l c u l a t e d hy me thods a n a l o g o u s 
t o t h o s e o u t l i n e d a b o v e . Fo r a comprehens ive t r e a t m e n t of c o n d i t i o n a l 
s t a b i l i t y c o n s t a n t c a l c u l a t i o n s and f o r an e x t e n s i v e t a b u l a t i o n of f a c t o r s 
f o r v a r i o u s s i d e r e a c t i o n s , t h e r e a d e r i s r e f e r r e d t o t h e monograph b y 
Ringbom ( l l ) . 
S t a b i l i t y c o n s t a n t s f o r m e t a l - c h e l o n complexes a r e u s u a l l y measu red 
a t a s p e c i f i e d i o n i c s t r e n g t h ( u s u a l l y O . l ) and t e m p e r a t u r e ( u s u a l l y 20° 
o r 2 5 ° C ) . By c h a n g i n g t h e s e p a r a m e t e r s , t h e c h e m i s t can , w i t h i n a n a r r o w 
r a n g e , change t h e v a l u e of a s t a b i l i t y c o n s t a n t . F o r example , t h e a d d i t i o n 
o f an i n e r t e l e c t r o l y t e u s u a l l y d e c r e a s e s t h e c o n d i t i o n a l s t a b i l i t y con­
s t a n t o f a m e t a l - c h e l o n complex . The a d d i t i o n of w a t e r s o l u b l e o r g a n i c 
s o l v e n t s t o t h e s o l u t i o n a l s o changes t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t 
somewhat . At t h e p r e s e n t t i m e , o u r knowledge i s n o t s u f f i c i e n t t o a l l o w 
q u a n t a t a t i v e p r e d i c t i o n s r e g a r d i n g t h e s e e f f e c t s . These e f f e c t s a r e 
g e n e r a l l y s m a l l ; however , u n d e r c e r t a i n c i r c u m s t a n c e s t h e y can become q u i t e 
l a r g e . A l a t e r s e c t i o n w i l l d i s c u s s t h e s e e f f e c t s i n more d e t a i l . 
S e l e c t i v i t y i n C h e l o m e t r i e T i t r a t i o n s 
A ' s e l e c t i v e r e a g e n t i s one which r e a c t s w i t h o n l y a l i m i t e d number 
of s u b s t a n c e s u n d e r a c e r t a i n s e t of c o n d i t i o n s . A s e l e c t i v e t i t r a t i o n 
r e a c t i o n can o c c u r o n l y i f t h e r e a c t i o n s o f t h e t i t r a n t w i t h f o r e i g n m e t a l 
i o n s i s p r e v e n t e d o r s u p p r e s s e d . The re a r e two g e n e r a l a p p r o a c h e s u s e d 
t o a c h i e v e s e l e c t i v i t y f o r a c h e l o m e t r i e t i t r a t i o n . The f i r s t i s t h e s e ­
l e c t i o n of a c h e l o n which i s i n t r i n s i c a l l y more s e l e c t i v e f o r t h e m e t a l t o 
be t i t r a t e d . However, t h i s a p p r o a c h i s n o t g e n e r a l l y a p p l i c a b l e s i n c e 
a l l c h e l o n s o f p r a c t i c a l i m p o r t a n c e r e a c t t o a g r e a t e r o r l e s s e r d e g r e e 
IT 
w i t h t h e m a j o r i t y of m e t a l i o n s . The second a p p r o a c h i n v o l v e s t h e u s e o f 
a p a r t i c u l a r c h e l o n and t h e c o n t r o l of pH, t h e u s e o f m a s k i n g a g e n t s o r 
k i n e t i c e f f e c t s , t h e v a r i a t i o n of t h e mode o f t i t r a n t a d d i t i o n o r method 
of end p o i n t d e t e c t i o n , o r some c o m b i n a t i o n of t h e s e . 
The u s e of a and p f a c t o r s a s p r e s e n t e d i n t h e p r e v i o u s s e c t i o n s 
a l l o w s one t o p r e d i c t t h e e f f e c t s o f r e a c t i o n c o n d i t i o n s on s e l e c t i v i t y . 
Two m e t a l s w i l l o n l y r e a c t i n d i s c r e t e s t e p s i f t h e c o n d i t i o n a l s t a b i l i t y 
c o n s t a n t s of t h e i r c h e l o n a t e s d i f f e r c o n s i d e r a b l y . I t i s t h e n o n l y n e c e s ­
s a r y t o be a b l e t o d e t e c t t h e end p o i n t o f t h e t i t r a t i o n o f t h e f i r s t r e ­
a c t i n g m e t a l i n o r d e r t o d e t e r m i n e i t i n t h e p r e s e n c e of t h e o t h e r m e t a l . 
T h i s would, however , r e q u i r e t h a t a s e t o f s e l e c t i v e o r s p e c i f i c i n d i c a ­
t o r s b e a v a i l a b l e f o r e a c h m i x t u r e t o b e t i t r a t e d . T h i s r e q u i r e m e n t i s 
met f o r a v e r y few m i x t u r e s , b u t , i n g e n e r a l , i s d i f f i c u l t t o f u l f i l l . 
The o n l y a l t e r n a t i v e i s r e c o u r s e t o an i n s t r u m e n t a l method of end p o i n t 
d e t e c t i o n . 
The pH E f f e c t 
As m e n t i o n e d p r e v i o u s l y , a change i n pH o f t e n a f f e c t s t h e r e l a t i v e 
s t a b i l i t i e s of m e t a l c h e l a t e s . At a low pH t h e c o n d i t i o n a l s t a b i l i t y o f 
some m e t a l - c h e l a t e complexes i s r e d u c e d t o s u c h a d e g r e e t h a t t h e m e t a l 
complex i s e s s e n t i a l l y c o m p l e t e l y d i s s o c i a t e d . Under t h e s e pH c o n d i t i o n s , 
o t h e r m e t a l s wh ich form s t a b l e m e t a l - c h e l a t e complexes can be s u c c e s s f u l l y 
t i t r a t e d . Thus t h e s e l e c t i v i t y o f t h e c o m p l e x a t i o n r e a c t i o n i s e n h a n c e d . 
F o r example , one g r o u p o f m e t a l i o n s , B i ( l l l ) , F e ( l l l ) , C r ( l l l ) , V ( l l l ) , 
and Th( lV) form such s t a b l e EDTA complexes t h a t p r a c t i c a l l y no d i s s o c i a ­
t i o n o c c u r s even a t pH 2 . F o r t h e t i t r a t i o n o f a m e t a l N i n t h e p r e s e n c e 
of a m e t a l M u s i n g a v i s u a l t y p e o f i n d i c a t o r , t h e s t a b i l i t y c o n s t a n t s 
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s h o u l d d i f f e r by a b o u t 8 -10 u n i t s i n l o g K ( 1 3 ) • I t i s n e c e s s a r y t h a t 
K , f o r t h e m e t a l M be l o w e r e d s u f f i c i e n t l y so t h a t e s s e n t i a l l y no M 
cond 
r e a c t s w i t h t h e c h e l o n . I n o r d e r t o i l l u s t r a t e t h i s p r i n c i p l e , c o n s i d e r 
t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t s of i r o n ( i l l ) - E D T A and calcium-EDTA 
shown i n F i g u r e 2 a s a f u n c t i o n of pH. These d a t a a r e t a k e n from R i n g -
bom ( l l ) and a r e c a l c u l a t e d by u s i n g t h e CL, f a c t o r and i n c l u d e c o r r e c t i o n s 
f o r t h e f o r m a t i o n o f m e t a l hydroxo complexes and mixed complexes o f t h e 
t y p e s MET and M ( Q H ) Y . F i g u r e 3 shows a p l o t of l o g K c Q n d ^ ( j j j j . ^ -
l 0 g K c o n d Ca-EDTA ( A ( l o g K c o n d ^ v e r s u s P H ' A t P H 10> t h e d i f f e r e n c e i n 
t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t s i s o n l y 3*8 l o g u n i t s . At pH 3> how­
e v e r , t h e d i f f e r e n c e i s lk.0 l o g u n i t s and a s e l e c t i v e t i t r a t i o n of i r o n 
i n t h e p r e s e n c e of c a l c i u m i s r e a d i l y p o s s i b l e . 
Masking 
S i n c e a c o n s i d e r a b l e p o r t i o n of t h e p r e s e n t s t u d y d e a l s w i t h t h i s 
t o p i c , i t i s d i s c u s s e d i n some d e t a i l i n C h a p t e r I I . 
K i n e t i c E f f e c t s 
I f t h e r e a c t i o n b e t w e e n a m e t a l i o n and a c h e l o n i s s low u n d e r c e r ­
t a i n c o n d i t i o n s , i t i s p o s s i b l e t o t a k e a d v a n t a g e o f t h i s k i n e t i c p h e n o ­
menon f o r a t i t r a t i o n . F o r example , n i c k e l r e a c t s s l o w l y w i t h EDTA a t 
room t e m p e r a t u r e , b u t t h e r e a c t i o n i s n o t q u i t e s low enough t o a l l o w t h e 
" k i n e t i c m a s k i n g " of n i c k e l . However, i f t h e s o l u t i o n t e m p e r a t u r e i s 
l o w e r e d t o 0°C, t h e d e c r e a s e i n t h e r e a c t i o n r a t e of n i c k e l w i t h EDTA i s 
s u f f i c i e n t t o p r e v e n t i t s c o m p l e x a t i o n w i t h EDTA d u r i n g t h e p e r i o d r e q u i r e d 
t o - t i t r a t e a n o t h e r m e t a l i o n ( l 4 ) . S i m i l a r l y , c h r o m i u m ( l l l ) r e a c t s q u i t e 
s l o w l y w i t h EDTA i n s o l u t i o n w h i l e i r o n ( l l l ) r e a c t s q u i c k l y . Thus i r o n 
can be t i t r a t e d i n t h e p r e s e n c e o f chromium (15) a l t h o u g h t h e s t a b i l i t y 
1-9 
l o g K 
PH 
F i g u r e 2 . E f f e c t of pH on t h e C o n d i t i o n a l S t a b i l i t y C o n s t a n t s 
of F e ( I I I ) - E D T A and Ca-EDTA 
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F i g u r e 3« E f f e c t of pH on t h e D i f f e r e n c e Between 
l o g K , f o r F e ( I I I ) - E D T A and Ca-EDTA 
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c o n s t a n t s of chromium(I I I ) -EBTA and i r o n ( I I I ) - E D T A a r e n e a r l y e q u a l . 
Types of T i t r a t i o n s 
D i r e c t T i t r a t i o n . The mos t f r e q u e n t a p p r o a c h t o c h e l o m e t r i c t i t r a ­
t i o n s i s t h e d i r e c t a d d i t i o n of i n c r e m e n t s of a s t a n d a r d s o l u t i o n of t h e 
c h e l o n t o t h e sample s o l u t i o n u n t i l t h e end p o i n t i s r e a c h e d . 
Back T i t r a t i o n . When i t i s n e c e s s a r y t o t i t r a t e a m e t a l u n d e r 
c o n d i t i o n s such t h a t t h e m e t a l "would he p r e c i p i t a t e d ( e . g . , a s t h e h y d r o x ­
i d e ) o r when no s u i t a b l e i n d i c a t o r t h e t h e m e t a l i s a v a i l a b l e , a b a c k 
t i t r a t i o n p r o c e d u r e may be employed . I n t h i s p r o c e d u r e , an e x c e s s of a 
s t a n d a r d c h e l o n s o l u t i o n i s added t o t h e sample s o l u t i o n and t h e c h e l o n 
r e m a i n i n g uncomplexed i s t i t r a t e d w i t h a s t a n d a r d s o l u t i o n of a s u i t a b l e 
m e t a l i o n . A b a c k t i t r a t i o n can a l s o be a p p l i e d when t h e r e a c t i o n b e t w e e n 
t h e m e t a l i o n and t h e c h e l o n i s t o o s low t o p e r m i t a d i r e c t t i t r a t i o n . 
F i r s t , an e x c e s s o f t h e c h e l o n i s added, t h e s o l u t i o n i s t h e n a l l o w e d t o 
s t a n d o r i t i s warmed t o comple t e t h e c o m p l e x a t i o n , and t h e e x c e s s o f 
c h e l o n i s t i t r a t e d . 
Rep lacemen t o r S u b s t i t u t i o n T i t r a t i o n s . I f a m e t a l d o e s n o t form 
a s t a b l e complex w i t h a c h e l o n , o r i f no s u i t a b l e i n d i c a t o r i s a v a i l a h l e , 
a r e p l a c e m e n t o r s u b s t i t u t i o n p r o c e d u r e can somet imes b e u s e d . I n a r e ­
p l a c e m e n t t i t r a t i o n , a s o l u t i o n o f a m e t a l i o n i s t r e a t e d w i t h an e x c e s s 
of a m e t a l complex which i s l e s s s t a b l e t h a n t h e same complex o f t h e m e t a l 
t o be d e t e r m i n e d . The m e t a l of t h e added complex i s q u a n t i t a t i v e l y d i s ­
p l a c e d and can t h e n be t i t r a t e d w i t h a s t a n d a r d c h e l o n s o l u t i o n . F o r 
example , t h i s method can be u s e d f o r s i l v e r which d o e s n o t form a c h e l o n a t e 
s t a b l e enough t o p e r m i t a d i r e c t t i t r a t i o n . I f K 2 N i ( C N ) 4 i s added i n e x -
c e s s t o a s o l u t i o n c o n t a i n i n g s i l v e r , n i c k e l i s q u a n t i t a t i v e l y r e l e a s e d 
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a c c o r d i n g t o 
2Ag + + N i ( C N ) 4 ~ 2 = 2Ag(CN) 2 + N i + 2 
The n i c k e l r e l e a s e d i s t h e n t i t r a t e d w i t h EDTA ( l 6 ) . The same t e c h n i q u e 
can a l s o he u s e d f o r m e t a l s which form complexes w i t h t h e c h e l o n . An e x ­
c e s s of t h e c h e l o n a t e o f a n o t h e r m e t a l of l o w e r s t a b i l i t y i s added and 
t h e exchange t a k e s p l a c e a c c o r d i n g t o 
M + NY = MY + N 
The r e l e a s e d m e t a l . N, can t h e n be t i t r a t e d . 
Method o f End P o i n t B e t e c t i o n 
The s e l e c t i v i t y o f a t i t r a t i o n p r o c e d u r e can somet imes be enhanced 
by a s u i t a b l e c h o i c e of t h e method of end p o i n t d e t e c t i o n . T h i s comes 
a h o u t "because some methods of end p o i n t d e t e c t i o n a r e i n h e r e n t l y more 
s e l e c t i v e t h a n o t h e r s and t h e i r a p p l i c a t i o n a l l o w s a r e l a x a t i o n o f some 
of t h e r e q u i r e m e n t s f o r a s u c c e s s f u l v i s u a l t i t r a t i o n . T h i s s u b j e c t i s 
d i s c u s s e d i n some d e p t h i n C h a p t e r I I I . 
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CHAPTER I I 
MASKING ' 
I n t r o d u c t i o n 
Masking i s b y f a r t h e mos t i m p o r t a n t means o f a c h i e v i n g s e l e c t i v i t y 
i n c h e l o m e t r i c t i t r a t i o n s and many o t h e r a n a l y t i c a l m e t h o d s . Masking i s 
t h e p r o c e s s b y "which one o r more p a r t i c u l a r r e a c t i o n s o f a s u b s t a n c e a r e 
p r e v e n t e d b y t h e a d d i t i o n of a r e a g e n t which t r a n s f o r m s t h i s s u b s t a n c e 
i n t o a s p e c i e s wh ich no l o n g e r u n d e r g o e s t h e s e r e a c t i o n s . The t e r m m a s k i n g 
i m p l i e s t h a t n e i t h e r t h e s u b s t a n c e b e i n g masked n o r i t s r e a c t i o n p r o d u c t ( s ) 
w i t h t h e m a s k i n g r e a g e n t i s p h y s i c a l l y s e p a r a t e d from t h e s o l u t i o n . S i n c e 
t h i s work i s c o n c e r n e d m a i n l y w i t h c h e l o m e t r i c t i t r a t i o n s , t h e f o l l o w i n g 
d i s c u s s i o n w i l l b e c o n f i n e d t o mask ing p r o c e d u r e s u s e f u l f o r such t i t r a ­
t i o n s . 
Masking P r o c e d u r e s 
The m a s k i n g of a p a r t i c u l a r m e t a l i o n i n a m i x t u r e can be accom­
p l i s h e d b y one o r a c o m b i n a t i o n of two o r more o f t h e f o l l o w i n g p r o c e s s e s : 
l ) p r e c i p i t a t i o n , 2.) o x i d a t i o n , 3) r e d u c t i o n , and k) c o m p l e x a t i o n . 
P r e c i p i t a t i o n of i n t e r f e r i n g s u b s t a n c e s h a s n o t b e e n w i d e l y a p p l i e d 
a s a m a s k i n g p r o c e s s b e c a u s e of t h e c o m p l i c a t i o n s due t o c o p r e c i p i t a t i o n 
and p o s t p r e c i p i t a t i o n phenomena. The mos t o u t s t a n d i n g example of t h i s t y p e 
o f m a s k i n g i s t h e e x c l u s i o n of magnesium a s t h e i n s o l u b l e h y d r o x i d e t o a l ­
low t h e s e l e c t i v e t i t r a t i o n o f c a l c i u m ( 4 ) . An a d d i t i o n a l example i s t h e 
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s u p p r e s s i o n o f i n t e r f e r e n c e s from s m a l l amounts of h e a v y m e t a l s b y t h e 
a d d i t i o n of h y d r o g e n s u l f i d e o r d i e t h y l d i t h i o c a r b a m a t e when d e t e r m i n i n g 
t h e h a r d n e s s of w a t e r ( l 7 ) » 
Where a m e t a l i n i t s h i g h e r o x i d a t i o n s t a t e forms a weaker complex 
o r no complex a t a l l w i t h a c h e l o n , m a s k i n g can be a c h i e v e d by c o n v e r t i n g 
t h e m e t a l from t h e l o w e r t o t h e h i g h e r o x i d a t i o n s t a t e . Such i s t h e c a s e 
f o r c h r o m i u m ( l l l ) which can be masked b y o x i d a t i o n t o chromate which d o e s 
n o t i n t e r f e r e i n t h e t i t r a t i o n r e a c t i o n ( l 8 ) . 
S i m i l a r l y , where a m e t a l i n i t s l o w e r o x i d a t i o n s t a t e forms a 
weaker complex w i t h a c h e l o n , a s i s f r e q u e n t l y t h e c a s e , m a s k i n g can be 
a c h i e v e d b y c o n v e r t i n g t h e m e t a l from t h e h i g h e r t o t h e l o w e r o x i d a t i o n 
s t a t e . I n some c a s e s , c o p p e r can b e masked b y t h e a d d i t i o n of a s c o r b i c 
a c i d o r h y d r o x y l a m i n e which r e d u c e C u ( l l ) t o C u ( l ) , wh ich does n o t i n t e r ­
f e r e i n t h e t i t r a t i o n r e a c t i o n . R e d u c t i o n i s e s p e c i a l l y u s e f u l f o r t h e 
m a s k i n g of i r o n s i n c e t h e l o g a r i t h m s o f t h e a b s o l u t e s t a b i l i t y c o n s t a n t s 
of t h e i r o n ( l l ) and t h e i r o n ( I I I ) - E D T A complexes a r e lk.3 and 2 5 . 1 , r e ­
s p e c t i v e l y ( l l ) . 
Masking b y p r e c i p i t a t i o n i s o f t e n s u b j e c t t o c o m p l i c a t i o n s , and 
t h e number o f m e t a l s t h a t can be masked b y c h a n g i n g t h e i r o x i d a t i o n s t a t e s 
i s l i j n i t e d . C o n s e q u e n t l y , t h e number of c a s e s t o which t h e s e t y p e s o f 
m a s k i n g can b e a p p l i e d i s r e s t r i c t e d . On t h e o t h e r hand, t h e number of 
c o m p l e x a t i o n r e a c t i o n s u s e f u l f o r m a s k i n g i s q u i t e l a r g e and, f o r t h i s 
r e a s o n , c o m p l e x a t i o n i s mos t w i d e l y employed f o r m a s k i n g . 
Masking v i a c o m p l e x a t i o n i n v o l v e s t h e f o r m a t i o n o f s o l u b l e complexes . 
(The f o r m a t i o n of i n s o l u b l e complexes i s b e s t c l a s s i f i e d a s a p r e c i p i t a t i o n 
r e a c t i o n . ) As a p p l i e d t o c h e l o m e t r i c t i t r a t i o n s , t h i s c o n s i d e r a t i o n im-
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p l i e s t h a t t h e m a s k i n g r e a g e n t mus t d e c r e a s e t h e c o n d i t i o n a l s t a b i l i t y -
c o n s t a n t of t h e c h e l o n complex of t h e i n t e r f e r i n g m e t a l i o n t o such a d e ­
g r e e t h a t t h i s i o n no l o n g e r i n t e r f e r e s w i t h t h e t i t r a t i o n . F o r t h e p u r ­
pose of a c h e l o m e t r i c t i t r a t i o n , i t i s n o t m a n d a t o r y t h a t m a s k i n g be 
c a r r i e d so f a r a s t o c o m p l e t e l y e x c l u d e a r e a c t i o n b e t w e e n t h e i n t e r f e r i n g 
m e t a l i o n and t h e t i t r a n t . A c t u a l l y , t h e o n l y n e c e s s a r y r e q u i r e m e n t i s 
t h a t t h e i n t e r f e r i n g m e t a l i o n does n o t p r e v e n t t h e d e s i r e d t i t r a t i o n r e ­
a c t i o n . The r a t i o of t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t of t h e complex 
o f t h e m e t a l i o n t o be t i t r a t e d t o t h a t o f t h e complex of t h e i n t e r f e r i n g 
m e t a l i o n i s , a s a f i r s t a p p r o x i m a t i o n , t h e c r i t e r i o n f o r t h e f e a s i b i l i t y 
o f a s e l e c t i v e t i t r a t i o n . Thus i t i s s u f f i c i e n t t o r e d u c e t h e c o n d i t i o n a l 
s t a b i l i t y c o n s t a n t o f t h e i n t e r f e r i n g m e t a l i o n t o such a d e g r e e t h a t t h i s 
r a t i o becomes l a r g e enough t o a l l o w a s e l e c t i v e t i t r a t i o n . The t e r m 
"mask ing" as a p p l i e d t o a c h e l o m e t r i c t i t r a t i o n may t h e n be m o d i f i e d from 
t h e s t r i c t d e f i n i t i o n which r e q u i r e s t h a t " t h e r e a c t i o n b e t w e e n t h e c h e l o n 
and t h e i n t e r f e r i n g m e t a l i o n "be c o m p l e t e l y e x c l u d e d " t o a d e f i n i t i o n which 
r e q u i r e s t h a t " t h e m e t a l t o be t i t r a t e d r e a c t p r e f e r e n t i a l l y w i t h t h e t i ­
t r a n t . " Thus m a s k i n g may a c t u a l l y be so weak t h a t a "masked" m e t a l i o n 
may b e d e t e r m i n e d i n a s u b s e q u e n t t i t r a t i o n . 
One of t h e mos t v e r s a t i l e m a s k i n g a g e n t s i s t h e c y a n i d e i o n (19 , 
20) w i t h which t h e c a t i o n s of c o b a l t , n i c k e l , coppe r , m e r c u r y , z i n c , c a d ­
mium, and t h e p l a t i n u m m e t a l s can be masked t o a l l o w t h e t i t r a t i o n of mag­
nes ium, ca l c ium, t h e l a n t h a n i d e s , manganese , l e a d , ind ium, and o t h e r m e t a l s 
which do n o t form s t a b l e c y a n i d e c o m p l e x e s . A mos t u s e f u l a s p e c t of t h e 
a p p l i c a t i o n of c y a n i d e i o n i s t h a t z i n c and cadmium can b e l i b e r a t e d from 
t h e i r weak c y a n i d e complexes by t r e a t m e n t w i t h fo rma ldehyde o r c h l o r a l 
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h y d r a t e ( 2 l ) . Bo th a l d e h y d e s r e a c t w i t h c y a n i d e t o form c y a n o h y d r i n s , 
decompos ing t h e c y a n i d e complexes o f z i n c and cadmium, h u t n o t t h o s e o f 
t h e o t h e r m e t a l s m e n t i o n e d a b o v e . T h i s p r o c e s s o f m a s k i n g w i t h c y a n i d e 
and s e l e c t i v e demask ing u s i n g fo rma ldehyde o r c h l o r a l h y d r a t e makes p o s ­
s i b l e a whole s e r i e s of s e q u e n t i a l d e t e r m i n a t i o n s . O t h e r m a s k i n g r e a g e n t s 
which o p e r a t e t h r o u g h complex f o r m a t i o n a r e T i r o n and t r i e t h a n o l a m i n e 
which have b e e n u s e d t o mask aluminum and t i t a n i u m ( 2 2 , 2 3 ) ; and i o d i d e 
which h a s b e e n u s e d i n low c o n c e n t r a t i o n s t o mask m e r c u r y a l m o s t s p e c i f i ­
c a l l y . 
Cheng (24 ) h a s r e v i e w e d t h e a p p l i c a t i o n s of m a s k i n g r e a g e n t s and 
p r e s e n t e d some p r i n c i p l e s which can b e u s e d i n t h e i r e v a l u a t i o n . 
Low S t a b i l i t y Masking 
One t y p e o f m a s k i n g which h a s o n l y r e c e n t l y b e e n i n v e s t i g a t e d and 
which makes up a c o n s i d e r a b l e p o r t i o n o f t h i s work i s " low s t a b i l i t y mask­
i n g " . G e n e r a l l y , m a s k i n g by c o m p l e x a t i o n a s d e s c r i b e d above i s a c c o m p l i s h e d 
b y t h e a d d i t i o n of m a s k i n g r e a g e n t s t h a t form r a t h e r s t r o n g complexes w i t h 
t h e i n t e r f e r i n g m e t a l i o n ( s ) . C o n s e q u e n t l y , o n l y m o d e r a t e c o n c e n t r a t i o n s 
o f t h e s e r e a g e n t s a r e n e c e s s a r y t o mask t h e s e i o n s . On t h e o t h e r hand, 
" low s t a b i l i t y mask ing , " a s t h e name i m p l i e s , i n v o l v e s t h e a d d i t i o n o f 
r e a g e n t s which form r e l a t i v e l y weak complexes w i t h t h e i n t e r f e r i n g m e t a l 
i o n ( s ) , and t h u s r e q u i r e s a h i g h c o n c e n t r a t i o n o f t h i s r e a g e n t i n o r d e r 
f o r mask ing t o b e e f f e c t i v e . 
The f i r s t and, u n t i l r e c e n t l y , o n l y example of " low s t a b i l i t y mask­
i n g " was t h e p r e v e n t i o n of an I n t e r f e r e n c e b y t h o r i u m i n t h e t i t r a t i o n o f 
t h e r a r e e a r t h s and some o t h e r m e t a l s ( 2 5 ) . The m a s k i n g was a c c o m p l i s h e d 
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"by t h e a d d i t i o n of l a r g e amounts o f sodium s u l f a t e . One r e a s o n t h i s t y p e 
of m a s k i n g h a s r e c e i v e d l i t t l e a t t e n t i o n i s t h a t , u n d e r no rma l c i r c u m ­
s t a n c e s , t i t r a t i o n s a r e n o t c a r r i e d o u t i n such c o n c e n t r a t e d s o l u t i o n s a s 
a r e n e c e s s a r y f o r a m a s k i n g e f f e c t t o he o b s e r v e d . A l so , t h e u s u a l c a l ­
c u l a t i o n s b a s e d on complex e q u i l i b r i a i n d i l u t e aqueous s o l u t i o n s c a n n o t 
b e a p p l i e d p r e c i s e l y a t such e x t r e m e c o n c e n t r a t i o n s , and an a d e q u a t e mask­
i n g e f f e c t i s n o t p r e d i c t e d when such c a l c u l a t i o n s a r e made. These c a l ­
c u l a t i o n s a r e commonly b a s e d on a p p r o x i m a t i o n s which a r e p e r m i s s i b l e f o r 
d i l u t e aqueous s o l u t i o n s and i n v o l v e c o n c e n t r a t i o n s r a t h e r t h a n a c t i v i t i e s . 
I f s o l u t i o n s c o n t a i n h i g h c o n c e n t r a t i o n s of a weak complex ing r e a g e n t , 
however , such a p p r o x m a t i o n s a r e no l o n g e r v a l i d and t h e r e s u l t s o b t a i n e d 
may be h i g h l y m i s l e a d i n g . Fo r example , suppose t h e c o n d i t i o n a l s t a b i l i t y 
c o n s t a n t s o f t h e z i n c and cadmium-EDTA complexes i n s o l u t i o n s c o n t a i n i n g 
h i g h c o n c e n t r a t i o n s of i o d i d e a r e c a l c u l a t e d u s i n g t h e n e c e s s a r y (3 f a c t o r s 
o b t a i n e d by e m p l o y i n g e q u a t i o n s (20 ) and ( 2 l ) o f C h a p t e r I . I n o r d e r f o r 
m a s k i n g t o b e e f f e c t i v e , t h e r a t i o of t h e c a l c u l a t e d c o n d i t i o n a l s t a b i l i t y 
c o n s t a n t of t h e zinc-EBTA complex t o t h a t o f t h e cadmium-EBTA complex s h o u l d 
be 1 0 7 o r g r e a t e r f o r a v i s u a l t i t r a t i o n ( s e e C h a p t e r I I I ) . The r a t i o a c ­
t u a l l y o b t a i n e d from such c a l c u l a t i o n s i s v e r y s m a l l ( a b o u t 1 0 1 ) . Thus, 
no m a s k i n g of cadmium b y i o d i d e would be p r e d i c t e d . However, F l a s c h k a 
and B u t c h e r ( 2 6 ) have s u c c e s s f u l l y masked cadmium w i t h i o d i d e f o r t h e 
v i s u a l t i t r a t i o n o f z i n c . The f a c t t h a t m a s k i n g i s o b s e r v e d f o r t h i s 
sy s t em s t r i k i n g l y d e m o n s t r a t e s t h e i m p o s s i b i l i t y of e x t e n d i n g c a l c u l a t i o n s 
v a l i d f o r d i l u t e aqueous s o l u t i o n s t o t h e c o n c e n t r a t e d s o l u t i o n s n e c e s s a r y 
f o r " low s t a b i l i t y m a s k i n g " . 
I n such c o n c e n t r a t e d s o l u t i o n s , t h e a c t i v i t i e s o f b o t h t h e . c o m p l e x -
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i n g r e a g e n t s and t h e m e t a l i o n s w i l l he changed t o such a d e g r e e t h a t t h e 
a p p r o x i m a t i o n of t h e s e a c t i v i t i e s hy u s e of c o n c e n t r a t i o n s i s no l o n g e r 
v a l i d . While i t m i g h t he t h e o r e t i c a l l y p o s s i b l e t o o b t a i n a u s e f u l r e s u l t 
from c a l c u l a t i o n s i n v o l v i n g a c t i v i t i e s , t h e n e c e s s a r y a c t i v i t y , c o e f f i c i ­
e n t s a r e n o t known, and t h u s any p r e d i c t i o n s a s t o t h e p o s s i b l e a p p l i c a ­
t i o n of " low s t a b i l i . t y m a s k i n g " mus t a t t h e p r e s e n t t i m e be made on a 
s t r i c t l y e m p i r i c a l b a s i s . 
S o l u t i o n s c o n t a i n i n g such h i g h c o n c e n t r a t i o n s of weak complex f o r m e r s 
may a c t u a l l y no l o n g e r be " a q u e o u s " i n c h a r a c t e r . I n aqueous s y s t e m s , an 
exchange r e a c t i o n ta .kes p l a c e b e t w e e n t h e w a t e r m o l e c u l e s c o o r d i n a t e d a b o u t 
t h e m e t a l i o n and t h e c h e l o n , and t h e e x t e n t of t h i s exchange r e a c t i o n d e ­
t e r m i n e s t h e s t a b i l i . t y c o n s t a n t of t h e m e t a l - c h e l o n complex . However, 
i n such c o n c e n t r a t e d , s o l u t i o n s a s a r e n e c e s s a r y f o r " low s t a b i l i t y mask­
i n g " , t h e m e t a l i o n i s i n a much d i f f e r e n t e n v i r o n m e n t t h a n i n a t r u l y 
aqueous s o l u t i o n , and, from t h e p o i n t of v i ew of t h e m e t a l i on , t h e s o l u ­
t i o n may w e l l be n o n - a q u e o u s , s i n c e t h e s o l v a t i o n s p h e r e of t h e m e t a l i o n 
i s p a r t i a l l y o r c o m p l e t e l y o c c u p i e d by s p e c i e s o t h e r t h a n w a t e r . The 
s t a b i l i t y c o n s t a n t of t h e m e t a l - c h e l o n complex i n t h i s c a s e depends upon 
t h e e x t e n t o f exchange b e t w e e n t h e s p e c i e s o c c u p y i n g t h e s o l v a t i o n s p h e r e 
of t h e m e t a l i o n and t h e c h e l o n . The s t a b i l i t y of t h e m e t a l - c h e l o n complex 
u n d e r t h o s e c o n d i t i o n s would have no r e l a t i o n s h i p t o t h e s t a b i l i t y of t h e 
same complex i n an aqueous e n v i r o n m e n t s i n c e t h e e x t e n t o f t h e exchange 
r e a c t i o n f o r t h i s sys t em would p r o b a b l y d i f f e r g r e a t l y from t h a t f o r an 
aqueous s y s t e m . Thus p r e d i c t i o n s a s t o t h e f e a s i b i l i t y o f " low s t a b i l i t y 
m a s k i n g " made on t h e b a s i s of s t a b i l i t y c o n s t a n t s d e t e r m i n e d i n d i l u t e 
aqueous s o l u t i o n s a r e n o t v a l i d . 
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P a r t i a l Masking 
I n a l l t h e t y p e s of m a s k i n g d i s c u s s e d t h u s f a r t h e m a s k i n g r e a g e n t 
was added a t l e a s t i n an amount e q u i v a l e n t t o t h a t o f t h e s u b s t a n c e t o b e 
masked . I n p r a c t i c e , t h i s r e a g e n t i s u s u a l l y added i n a m o d e r a t e e x c e s s 
and, i n t h e c a s e o f " low s t a b i l i t y mask ing , " i n a c o n s i d e r a b l e e x c e s s . 
Many p r a c t i c a l c a s e s e x i s t where a s m a l l amount of a f o r e i g n s u b s t a n c e 
h a s no e f f e c t on t h e r e a c t i o n u n d e r c o n s i d e r a t i o n , and i n t e r f e r e n c e o c c u r s 
o n l y i f t h e amount of t h i s f o r e i g n s u b s t a n c e e x c e e d s a c e r t a i n l e v e l . 
Thus, i n such c a s e s , a new m a s k i n g p r o c e s s t e r m e d " p a r t i a l m a s k i n g " seemed 
p o s s i b l e . The s t a t e m e n t t h a t a s u b s t a n c e i s o n l y " p a r t i a l l y masked" i n ­
d i c a t e s t h a t t h e m a s k i n g r e a g e n t i s added t o such an e x t e n t a s t o d e c r e a s e 
t h e c o n c e n t r a t i o n of t h e f o r e i g n s u b s t a n c e t o o r b e l o w t h e l e v e l a t wh ich 
i t s t a r t s t o e x e r t an i n t e r f e r e n c e . Such " p a r t i a l m a s k i n g " would a l l o w 
t h e a p p l i c a t i o n o f m a s k i n g r e a g e n t s which c a n n o t be added i n e x c e s s a s i n 
t h e n o r m a l p r o c e d u r e b e c a u s e t h e y would a l s o mask t h e s u b s t a n c e t o be d e t e r ­
m i n e d . T h i s s i t u a t i o n can be t r e a t e d a s f o l l o w s . I f a s o l u t i o n c o n t a i n s 
a m e t a l N and an i n t e r f e r i n g m e t a l M, " p a r t i a l m a s k i n g " may be a p p l i e d i f 
t h e s t a b i l i t y c o n s t a n t of t h e complex MY formed b y t h e m e t a l M and t h e l i ­
gand Y i s l a r g e r t h a n t h a t o f t h e c o r r e s p o n d i n g complex NY formed b y t h e 
m e t a l N and t h e l i g a n d , and i f t h e p r o c e d u r e f o r t h e d e t e r m i n a t i o n o f t h e 
m e t a l N w i t h which t h e " p a r t i a l m a s k i n g " t e c h n i q u e i s t o be a p p l i e d i s a p ­
p l i c a b l e i n t h e p r e s e n c e o f a r e a s o n a b l e e x c e s s of t h e m e t a l M b e f o r e t h e 
a d d i t i o n of any m a s k i n g r e a g e n t s . 
The a p p l i c a t i o n o f " p a r t i a l m a s k i n g " i s n o t u n d e r t a k e n i n o r d e r t o 
c o m p l e t e l y mask t h e m e t a l M b u t t o r e d u c e t h e m o l a r r a t i o of " f r e e M":N t o 
some v a l u e a t which t h e p r o c e d u r e f o r t h e d e t e r m i n a t i o n o f N can be s u c c e s s -
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f u l l y a p p l i e d . 
C o n s u l t a t i o n w i t h compi l ed t a b l e s of s t a b i l i t y c o n s t a n t s f o r com­
p l e x e s of v a r i o u s m e t a l s w i t h a g i v e n l i g a n d may b e u n d e r t a k e n t o d e t e r ­
mine w h e t h e r " p a r t i a l m a s k i n g " m i g h t be a p p l i e d t o a p a r t i c u l a r s y s t e m . 
However, even i n f a v o r a b l e c a s e s , o n l y an a p p r o x i m a t e p r e d i c t i o n can be 
made a s t o t h e a p p l i c a b i l i t y of " p a r t i a l m a s k i n g " from t h e d i f f e r e n c e i n 
s t a b i l i t y c o n s t a n t s o f t h e complexes o f t h e m e t a l s i n q u e s t i o n . O b v i o u s l y 
no q u a n t i t a t i v e p r e d i c t i o n a s t o t h e f r a c t i o n o f t h e m e t a l N l e f t uncom-
p l e x e d can be made b y u s e of s t a b i l i t y c o n s t a n t s a l o n e s i n c e t h e f r a c t i o n 
of t h i s m e t a l l e f t uncomplexed depends upon s e v e r a l f a c t o r s . 
1 . The r a t i o of t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t o f t h e complex 
MY t o t h a t o f t h e complex FY ( i . e . , K ^ / K ^ ) . 
2 . The f r a c t i o n o f t h e c o n c e n t r a t i o n o f t h e m e t a l M added a s 
l i g a n d . 
3- The c o n c e n t r a t i o n o f t h e m e t a l M r e l a t i v e t o t h a t o f t h e m e t a l 
N. 
The r a t i o K^y/Kjjy i s > o f c o u r s e , of p r i m a r y i m p o r t a n c e . I f t h i s 
r a t i o i s l a r g e , t h e l i g a n d w i l l be h e l d a L n o s t c o m p l e t e l y by t h e m e t a l M 
l e a v i n g t h e N uncomplexed . If , however , t h i s r a t i o i s s m a l l , a l a r g e 
f r a c t i o n o f t h e N p r e s e n t w i l l be h e l d by t h e l i g a n d . C a l c u l a t i o n s were 
u n d e r t a k e n t o e v a l u a t e t h e r e l a t i v e i m p o r t a n c e o f e a c h of t h e s e f a c t o r s 
and t o o b t a i n a q u a n t i t i v e b a s i s f o r d e t e r m i n i n g t h e u s e f u l n e s s of t h e 
" p a r t i a l m a s k i n g " t e c h n i q u e f o r v a r i o u s s y s t e m s . These c a l c u l a t i o n s a r e 
p r e s e n t e d b e l o w . 
I f t h e s t a b i l i t y c o n s t a n t s o f t h e m e t a l complexes MY and NY a r e 
e x p r e s s e d a s 
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' _ [MY] . . 
V [M][Y] [ 1 ) 
- _ [NY] , p . 
*NY [ N ] [ Y ] ^ 
t h e r a t i o o f t h e s e two c o n s t a n t s , Q, i s t h e n 
.
 K wy [MY] [ H ] . , , . 
=
 T I T " ' TiffT ( 3 ) 
The m a t e r i a l b a l a n c e s f o r t h e sys t em which c o n t a i n N, M, and Y a r e 
c M = [MY] + [M] (10 
C N = [NY] + [N] ( 5 ) 
C Y = [MY] + [NY] + [Y] ( 6 ) 
where CL,, C.T, and C. r a r e t h e t o t s i l c o n c e n t r a t i o n s of t h e s e s p e c i e s i n a l l M N Y -
f o r m s . If , a s i s n o r m a l l y t h e c a s e , t h e complexes MY and NY a r e s u f f i ­
c i e n t l y s t a b l e ( i . e . , and KL .^ a r e l a r g e ) and > C i t may be assumed 
t h a t [ Y ] i s v e r y s m a l l and t h u s e q u a t i o n ( 6 ) w i l l r e d u c e t o 
C y •= [MY] + [NY] (7 ) 
I n o r d e r t o s i m p l i f y f u r t h e r c a l c u l a t i o n s , t h e f o l l o w i n g d e f i n i t i o n s a r e 
i n t r o d u c e d 
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= C ( 8 ) 
( 9 ) 
where P i s a f r a c t i o n l e s s t h a n o r e q u a l t o one (P ^ l ) 
N = TC (10 ) 
where T i s a s m a l l number d e f i n e ! a s T = C-T/C,,. 
The u l t i m a t e p u r p o s e of t h i s c a l c u l a t i o n i s t h e d e r i v a t i o n o f an 
e x p r e s s i o n f o r t h e f r a c t i o n of t h e m e t a l N l e f t " f r e e " i n t h e p r e s e n c e o f 
a l a r g e amount of t h e m e t a l M which h a s b e e n p a r t i a l l y complexed h y t h e 
l i g a n d Y. I f t h i s f r a c t i o n i s e x p r e s s e d a s 
where [ N ] i s t h e c o n c e n t r a t i o n of uncomplexed o r " f r e e " N, and i f t h i s e x ­
p r e s s i o n i s combined w i t h e q u a t i o n ( 1 0 ) , t h e r e s u l t on r e a r r a n g e m e n t i s 
I n o r d e r t o c a l c u l a t e Q a s d e f i n e d i n e q u a t i o n ( 3 ) i n t e r m s of t h e 
v a r i a b l e s C, F, P, and T, e x p r e s s i o n s f o r [ N ] , [NY], [MY], and [ M ] con­
t a i n i n g t h e s e v a r i a b l e s mus t be i n t r o d u c e d . R e a r r a n g e m e n t o f e q u a t i o n 
( 5 ) t o [NY] = C - [N]and s u b s t i t u t i o n f o r and [ N ] from e q u a t i o n s (10 ) 
and (12 ) g i v e s 
F == [N]/C 
N (11 ) 
[N] = FCT (12 ) 
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[NY] = CT - FCT - ( 13 ) 
S i m i l a r l y , e q u a t i o n (7 ) r e a r r a n g e s t o [MY] = Cy - [NY] and s u b s t i t u t i o n 
f o r from e q u a t i o n ( 9 ) g i v e s 
[MY] = PC - [NY] ( l 4 ) 
S u b s t i t u t i n g t h e e x p r e s s i o n f o r [NY] from e q u a t i o n ( 1 3 ) , e q u a t i o n (lk) be­
comes 
[My] = PC - CT + FCT = C(P - T + FT) (15 ) 
R e a r r a n g e m e n t o f e q u a t i o n (4 ) t o [M] = C„, - [MY] and s u b s t i t u t i o n f o r C 
N
 M M 
and MY from e q u a t i o n s (8 ) and (15 ) g i v e s 
[M] = C - PC + CT •- FCT = C ( l - P + T - FT) ( l 6 ) 
On s u b s t i t u t i o n of t h e e x p r e s s i o n s f o r [N] , [NY], [ M Y ] , and [M] a s g i v e n 
b y e q u a t i o n s ( 1 2 ) , ( 1 3 ) , ( 1 5 ) , and ( l 6 ) i n t o e q u a t i o n ( 3 ) , t h e e x p r e s s i o n 
f o r Q becomes 
n _ [MY] [N] (P - T + FT) F , . 
H
~ [M] ' ' T I Y T " TT l - P + T) - FT] ' ( 1 - F) U f j 
I t s h o u l d be n o t i c e d a t t h i s p o i n t t h a t t h e c o n c e n t r a t i o n t e r m h a s d r o p p e d 
c o m p l e t e l y o u t of t h e e x p r e s s i o n . Thus t h e f r a c t i o n of t h e m e t a l N " f r e e " 
d o e s n o t depend upon t h e c o n c e n t r a t i o n of M o r N h u t o n l y upon T^C^/C^), 
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P, and Q. A l t h o u g h e q u a t i o n (17) f u l l y d e f i n e s t h e r e l a t i o n s h i p b e t w e e n 
F and t h e o t h e r v a r i a b l e s , c a l c u l a t i o n o f t h i s q u a n t i t y f o r v a r i o u s con­
d i t i o n s i s cumbersome, s i n c e t h e e q u a t i o n i s q u a d r a t i c i n F . A more u s e ­
f u l e q u a t i o n would b e one which e x p r e s s e s F a s a f u n c t i o n o f Q, P, and T. 
R e a r r a n g e m e n t o f e q u a t i o n (17 ) i n t o t h e form o f a q u a d r a t i c i n F g i v e s 
(Q - l ) T F 2 - [ Q ( l - P + T) + T(Q - l ) + P ] F + Q ( l - P + T) = 0 ( l 8 ) 
S o l u t i o n o f t h i s e q u a t i o n f o r F g i v e s 
, [ ] ± V T ] £ " - MQ - D T 9 ( 1 - P + T) , i q , 
F
 - 2 ( 9 - 1)T ( 1 9 ) 
where [ ] r e p r e s e n t s [ Q ( l - P + T) + T(Q - l ) + P] 
I f no l i g a n d i s added ( i . e . , P = 0 ) , a l l t h e m e t a l N i s f r e e and F = 1 . 
A p p l i c a t i o n of t h i s l i m i t i n g c o n d i t i o n t o e q u a t i o n (19 ) r e v e a l s t h a t t h e 
p r o p e r s i g n b e f o r e t h e r o o t i s n e g a t i v e and t h e e q u a t i o n t h e n becomes 
-pi [ ] - V T > - 4 ( 9 - 1 )T Q ( l - P + T) , s 
2(Q - i ) T 
By means o f t h i s e q u a t i o n , i t i s p o s s i b l e t o c a l c u l a t e F f o r any v a l u e s o f 
* S c ' KNY' a n < ^ T * l n o r < ^ e r t o v e r i ^ y t h i s e q u a t i o n , F can b e c a l c u l a t e d 
a t a v a l u e of Q = 1 ( i . e . , K^ . = K ^ ) f o r a s m a l l v a l u e o f T / Under t h e s e 
c o n d i t i o n s , i t would seem t h a t t h e same f r a c t i o n of t h e t o t a l amount of N 
a s o f M would b e complexed s i n c e b o t h M and N have t h e same p r o b a b i l i t y 
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o f combin ing w i t h t h e l i g a n d . E q u a t i o n (18 ) upon s u b s t i t u t i o n of Q = 1 
r e d u c e s t o 
- F ( l - P + T ) - F P + ( l - P + T) = 0 
which upon s i m p l i f i c a t i o n and r e a r r a n g e m e n t r e d u c e s t o 
F
 - —[TTW " 1 ' T T ~ T ( 2 1 ) 
I f T i s v e r y s m a l l ( i . e . , T « l ) , e q u a t i o n ( 2 l ) becomes 
F = 1 - P (22 ) 
which c o r r e s p o n d s e x a c t l y t o t h e e x p e c t e d r e s u l t . 
S i n c e i t i s somewhat t e d i o u s t o c a l c u l a t e F f o r e a c h and e v e r y 
v a l u e o f Q, P, and T, i t was d e c i d e d t o c a l c u l a t e F a s a f u n c t i o n o f P 
f o r s e l e c t e d v a l u e s o f Q and T and t o r e c o r d t h e r e s u l t s i n g r a p h i c a l 
fo rm. The r e s u l t i n g c u r v e s , i n a d d i t i o n t o s u p p l y i n g t h e v a l u e of F a t 
any v a l u e o f P, show t h e v a r i a t i o n o f F w i t h P a t c o n s t a n t Q and T, and 
by c o m p a r i s o n of d i f f e r e n t c u r v e s t h e v a r i a t i o n o f F w i t h Q a t c o n s t a n t 
P and T. G r a p h i c a l r e p r e s e n t a t i o n s o f F v e r s u s P i n t h e r a n g e P = 0 . 8 -
1 0 " I S 2 0 2 S ^ o ho 
1.0 f o r T = 1 x 1 0 ~ 4 and f o r Q = 10 * , l O ^ , 10 , 10 10J , 10 
a r e p r e s e n t e d i n F i g u r e k. As m i g h t b e e x p e c t e d , t h e s e c u r v e s show t h a t 
f o r low v a l u e s o f Q ( i . e . , 10"*"'°), t h e v a l u e s f o r F i n t h e r a n g e P = 0 . 8 -
1 .0 a r e q u i t e low. Thus, a c o n s i d e r a b l e p o r t i o n of t h e m e t a l N would b e 
F i g u r e k. F r a c t i o n o f t h e M e t a l N F r e e a s a F u n c t i o n o f P 
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p r e s e n t a s t h e NY complex undei? t h e s e c o n d i t i o n s . As Q becomes l a r g e r , 
t h e amount of N " f r e e " i n c r e a s e s u n t i l a t Q = 1 0 ^ " ^ t h e v a l u e f o r F i s 
0 -99 when P = 0 -99 - Thus, u n d e r t h e s e c o n d i t i o n s , 99 p e r c e n t o f t h e N 
p r e s e n t r e m a i n s uncomplexed when t h e r a t i o of " f r e e M" : N h a s b e e n r e ­
duced from 1 0 , 0 0 0 : 1 t o 1 0 0 : 1 . 
The d e r i v a t i o n of e q u a t i o n (20 ) was c o n s i d e r a b l y s i m p l i f i e d b y 
making t h e a s s u m p t i o n t h a t no complex ing r e a g e n t o t h e r t h a n t h e " p a r t i a l 
m a s k i n g " r e a g e n t was p r e s e n t i n t h e s o l u t i o n . However, i n many p r a c t i c a l 
c a s e s , a " p a r t i a l m a s k i n g " a p p r o a c h m i g h t b e a d v a n t a g e o u s f o r p h o t o m e t r i c 
I 
o r e x t r a c t i v e p r o c e d u r e s which i n v o l v e t h e a d d i t i o n o f a second complex­
i n g r e a g e n t . I n t h i s c a s e , t h e r e s u l t s o f c a l c u l a t i o n s b a s e d on e q u a t i o n 
(20 ) may n o t be v a l i d . The second complex ing r e a g e n t may l e a d t o a more 
f a v o r a b l e s i t u a t i o n w i t h r e g a r d t o t h e f r a c t i o n o f N l e f t uncomplexed 
b y t h e " p a r t i a l m a s k i n g " r e a g e n t . I f t h e s econd r e a g e n t forms a more 
s t a b l e complex w i t h N t h a n w i t h M, t h e e q u i l i b r i u m of t h e sys t em may be 
s h i f t e d i n such a manner t h a t a " p a r t i a l m a s k i n g " p r o c e d u r e may b e a p p l i e d 
even t h o u g h c a l c u l a t i o n s u t i l i z i n g e q u a t i o n (20 ) i n d i c a t e t h a t such a p r o ­
c e d u r e would be i m p r a c t i c a l . If , however , t h e s econd r e a g e n t forms a more 
s t a b l e complex w i t h M, t h e s i t u a t i o n may be r e v e r s e d , and t h e f r a c t i o n o f 
N l e f t uncomplexed may b e s m a l l e r t h a n t h a t c a l c u l a t e d . A l s o , t h e r e a c t i o n 
o f t h e second r e a g e n t w i t h e i t h e r M o r N may be f a v o r e d k i n e t i c a l l y , and 
a s h i f t i n e q u i l i b r i u m c o n t r a r y t o t h a t p r e d i c t e d on t h e b a s i s o f t h e r e ­
l a t i v e s t a b i l i t i e s of t h e i r complexes may t a k e p l a c e . 
I n o r d e r t o f u l l y d e s c r i b e such a sys t em, t h e d e r i v a t i o n o f an e q u a ­
t i o n which t a k e s i n t o a c c o u n t t h e e f f e c t o f t h e s econd r e a g e n t on t h e s y s -
38 
tern would be n e c e s s a r y . However, e q u a t i o n (20 ) p r o v i d e s a s u f f i c i e n t 
amount of i n f o r m a t i o n t o a l l o w an a d e q u a t e p r e d i c t i o n t o be made i n mos t 
c a s e s , and no a d d i t i o n a l d e r i v a t i o n seems t o be n e c e s s a r y . 
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CHAPTER I I I 
METHOD MD SELECTIVITY 0F END POINT DETECTION 
I n t r o d u c t i o n 
The method of end p o i n t d e t e c t i o n was l i s t e d i n C h a p t e r I a s one 
of t h e f a c t o r s which c o u l d h e v a r i e d i n o r d e r t o a c h i e v e s e l e c t i v i t y i n 
a c h e l o m e t r i c t i t r a t i o n . , G e n e r a l l y , me thods of end p o i n t d e t e c t i o n can 
he d i v i d e d i n t o two d i s t i n c t g r o u p s : v i s u a l d e t e c t i o n and i n s t r u m e n t a l 
d e t e c t i o n . Each t y p e of end p o i n t d e t e c t i o n w i l l he d i s c u s s e d i n d e t a i l 
i n t h i s c h a p t e r . 
V i s u a l D e t e c t i o n of End P o i n t s 
The v i s u a l d e f e c t i o n o f an end p o i n t i n t h e m a j o r i t y o f c h e l o m e t r i c 
t i t r a t i o n s d e p e n d s on t h e r e c o g n i t i o n of t h e change i n c o l o r wh ich o c c u r s 
when a m e t a l i o n i s removed from i t s i n d i c a t o r complex hy t h e a d d i t i o n o f 
a c h e l o n . There a r e o n l y a few t y p e s of compounds which can he s u c c e s s ­
f u l l y u s e d a s i n d i c a t o r s f o r c h e l o m e t r i c t i t r a t i o n s . These i n d i c a t o r s 
i n c l u d e azo and t r i p h e n y l m e t h a n e d y e s , p h t h a l e i n s and s u l f o n p h t h a l e i n s , 
and p h e n o l i c compounds (27 ) which form c o l o r e d complexes w i t h m e t a l i o n s . 
C h e l o m e t r i c t i t r a t i o n s r e s e m b l e a c i d - b a s e t i t r a t i o n s a s f a r a s t h e 
r o l e of t h e i n d i c a t o r i n t h e t i t r a t i o n i s c o n c e r n e d . However, t h e t h e o ­
r e t i c a l t r e a t m e n t of t h e r e l e v a n t e q u i l i b r i a f o r m e t a l i n d i c a t o r s i s much 
more i n v o l v e d t h a n f o r a c i d - b a s e i n d i c a t o r s . I n an a c i d - b a s e t i t r a t i o n , 
a pH s e n s i t i v e i n d i c a t o r i s u s e d . A p r o t o n i s a t t a c h e d o r r e l e a s e d b y 
t h e i n d i c a t o r w i t h i n c e r t a i n pH r a n g e ; t h e e x a c t r e a c t i o n d e p e n d i n g on 
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w h e t h e r t h e pH r a n g e i s a p p r o a c h e d from a h i g h e r o r l o w e r pH. The p r o -
t o n i z e d form of t h e I n d i c a t o r d i f f e r s i n c o l o r from t h e u n p r o t o n i z e d form, 
and a c o l o r change t a k e s p l a c e a s t h e pH r a n g e i s t r a v e r s e d . I n a c h e l o -
m e t r i c t i t r a t i o n , a pM s e n s i t i v e i n d i c a t o r i s u s e d . The m e t a l i o n , i n 
t h i s c a s e , i s a t t a c h e d o r r e l e a s e d h y t h e i n d i c a t o r i n a p a r t i c u l a r pM 
r a n g e ; t h e e x a c t r e a c t i o n d e p e n d i n g on w h e t h e r t h e pM r a n g e i s a p p r o a c h e d 
from a h i g h e r o r l o w e r pM. S i n c e t h e m e t a l i z e d form of t h e i n d i c a t o r 
d i f f e r s i n c o l o r from t h e u n m e t a l i z e d form, t h e c o m p l e x a t i o n r e a c t i o n i s 
accompanied hy a c o l o r c h a n g e . I n b o t h c h e l o m e t r i c t i t r a t i o n s and a c i d -
b a s e t i t r a t i o n s , t h e p l o t -of pM o r pH v e r s u s t h e volume of t i t r a n t added 
y i e l d s a l o g a r i t h m i c t i t r a t i o n cu rve w i t h t h e end p o i n t a t t h e i n f l e c t i o n 
p o i n t o f t h i s c u r v e . T h e r e f o r e , one d e s i r e s an i n d i c a t o r whose pM o r pH 
r a n g e i s l o c a t e d i n t h e s t e e p e s t p a r t o f t h e r e s p e c t i v e t i t r a t i o n c u r v e s . 
The i d e a l c o n d i t i o n i s o b t a i n e d when t h e m i d p o i n t o f t h e c o l o r change i n ­
t e r v a l o c c u r s a t t h e i n f l e c t i o n p o i n t of t h e t i t r a t i o n c u r v e . 
The pH r a n g e w i t h i n which a c e r t a i n pM s e n s i t i v e i n d i c a t o r can be 
employed f o r a c h e l o m e t r i c t i t r a t i o n i s , g e n e r a l l y , somewhat l i m i t e d . 
S i n c e mos t pM s e n s i t i v e i n d i c a t o r s ( o f t e n c a l l e d m e t a l i n d i c a t o r s o r 
m e t a l l o c h r o m e i n d i c a t o r s ) and the i i ^ m e t a l complexes a r e a l s o a c i d - b a s e 
i n d i c a t o r s , t h e pH of a c h e l o m e t r i c t i t r a t i o n employ ing t h e s e i n d i c a t o r s 
mus t be c a r e f u l l y c o n t r o l l e d . Most m e t a l i n d i c a t o r s a r e a l s o n o n s p e c i f i c 
which c r e a t e s a p rob l em i f a f o r e i g n m e t a l i o n i n t h e sample s o l u t i o n 
r e a c t s w i t h t h e i n d i c a t o r . The e f f e c t s o f a c i d - b a s e and c o m p l e x a t i o n s i d e 
r e a c t i o n s of m e t a l i n d i c a t o r s can be h a n d l e d b y c a l c u l a t i o n s which i n v o l v e 
t h e u s e of t h e a p p r o p r i a t e oc and ^ f a c t o r s . 
V i s u a l c h e l o m e t r i c t i t r a t i o n s can be c o n s i d e r e d t o be l o g a r i t h m i c 
kl 
t i t r a t i o n s , s i n c e i n d i c a t o r s r e s p o n d t o changes i n pM. The p r e c i s i o n o f 
t h e d e t e c t i o n o f t h e end p o i n t depends g r e a t l y on t h e m a g n i t u d e of t h e 
change i n pM. a r o u n d t h a t p o i n t . I n f a v o r a b l e c a s e s , t h e pM a t which t h e 
m e t a l i n d i c a t o r changes c o l o r can l i e anywhere w i t h i n a wide pM r a n g e , 
s i n c e t h i s r a n g e i s e q u i v a l e n t t o o n l y a v e r y s m a l l volume o f t i t r a n t . 
As t h e c o n c e n t r a t i o n of t h e m e t a l i o n i s l o w e r e d o r a s t h e c o n d i t i o n a l 
s t a b i l i t y c o n s t a n t o f t h e m e t a l c h e l o n a t e i s d e c r e a s e d , t h e pM jump a t t h e 
end p o i n t becomes s m a l l e r , and t h e r e q u i r e m e n t s f o r t h e pM r a n g e of t h e 
m e t a l i n d i c a t o r become more s t r i n g e n t . 
I n o r d e r t o o b t a i n a s h a r p end p o i n t , t h e r a t i o o f t h e s t a b i l i t y 
c o n s t a n t of t h e m e t a ] . - c h e l o n complex t o t h e s t a b i l i t y c o n s t a n t o f t h e 
m e t a l - i n d i c a t o r complex mus t be on t h e o r d e r o f 1 0 4 . A l so , t h e v a l u e o f 
t h e m e t a l i n d i c a t o r s t a b i l i t y c o n s t a n t mus t be g r e a t e r t h a n a b o u t 1 0 5 . 
These l i m i t s a r e o b t a i n e d from t h e o r e t i c a l l y d e r i v e d e x p r e s s i o n s a f t e r 
some s i m p l i f y i n g a s s u m p t i o n s a r e i n t r o d u c e d ( l 3 ) « A l l t h e s t a b i l i t y con­
s t a n t s m e n t i o n e d above a r e , of. c o u r s e , c o n d i t i o n a l s t a b i l i t y c o n s t a n t s . 
The s e l e c t i v e , v i s u a l t i t r a t i o n o f a m e t a l N i n t h e p r e s e n c e o f a 




and K .^ a r e t h e c o n d i t i o n a l s t a h i l i t y c o n s t a n t s o f t h e m e t a l c h e l o n a t e s 
and K-j. i s t h e s t a b i l i t y c o n s t a n t o f t h e m e t a l - i n d i c a t o r complex ( 2 8 ) . 
S i n c e , a s m e n t i o n e d ahove , mus t b e a t l e a s t 1 0 s , i t f o l l o w s from e q u a -
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t i o n ( l ) t h a t t h e r a t i o K ^ / 1 ^ mus t he g r e a t e r t h a n a b o u t 1 0 7 i f t h e m e t a l 
i s t o b e s e l e c t i v e l y t i t r a t e d t o a v i s u a l end p o i n t . 
The pM change a t t h e end p o i n t o f some c h e l o m e t r i c t i t r a t i o n s r e ­
s u l t s i n a change i n t h e p o t e n t i a l o f t h e r e d o x c o u p l e formed by t h e t i ­
t r a t e d m e t a l and an e q u i l i b r i u m c o n c e n t r a t i o n of i t s r e d u c e d o r o x i d i z e d 
s p e c i e s i n s o l u t i o n . T h i s p o t e n t i a l change can somet imes be d e t e c t e d 
v i s u a l l y b y t h e change i n c o l o r of a r e d o x i n d i c a t o r . These r e d o x i n d i ­
c a t o r s have found o n l y l i m i t e d a p p l i c a t i o n , however , b e c a u s e o f t h e i r 
s e n s i t i v i t y t o s m a l l amounts o f o x i d i z i n g and r e d u c i n g i m p u r i t i e s i n t h e 
sample s o l u t i o n . A l so , o n l y a s m a l l number of r e d o x i n d i c a t o r s s u i t a b l e 
f o r c h e l o m e t r i c t i t r a t i o n s a r e known. Thus, o n l y a few a p p l i c a t i o n s o f 
t h i s t y p e o r i n d i c a t o r have b e e n d e v e l o p e d ( 2 7 ) . 
I n s t r u m e n t a l D e t e c t i o n o f End P o i n t s 
S i g n i f i c a n t a d v a n t a g e s a r e o f t e n g a i n e d when i n s t r u m e n t a l d e t e c t i o n 
of t h e end p o i n t f o r c h e l o m e t r i c t i t r a t i o n s i s employed . I f t h e u s e of 
an i n d i c a t o r i s a v o i d e d , improved s e l e c t i v i t y o f t e n r e s u l t s . Even when an 
i n d i c a t o r i s p r e s e n t i n t h e sample s o l u t i o n , t h e r e p l a c e m e n t of t h e human 
eye b y a p h o t o c e l l and t h e u s e of monochromat i c l i g h t ( p h o t o m e t r i c t i t r a ­
t i o n ) o f t e n a l l o w s a t i t r a t i o n t o be p e r f o r m e d s u c c e s s f u l l y where t h e 
v i s u a l d e t e c t i o n of an end p o i n t i s i m p o s s i b l e . I n g e n e r a l , f i v e t y p e s 
of i n s t r u m e n t a l me thods a r e u s e d f o r t h e d e t e c t i o n of end p o i n t s i n c h e l o ­
m e t r i c t i t r a t i o n s : l ) p o t e n t i o m e t r y , 2) amperometry , 3) c o n d u c t o m e t r y , 
4) p h o t o m e t r y , and 5) e n t h a l p o m e t r y . A few o t h e r v e r y l i m i t e d me thods 
have b e e n a p p l i e d i n s p e c i a l c a s e s . 
The f i v e i n s t r u m e n t a l me thods of end p o i n t d e t e c t i o n m e n t i o n e d above 
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can be d i v i d e d i n t o two d i s t i n c t g r o u p s , namely l o g a r i t h m i c and l i n e a r 
t i t r a t i o n s . 
The t i t r a t i o n c u r v e f o r a l o g a r i t h m i c t i t r a t i o n i s o b t a i n e d by 
p l o t t i n g a q u a n t i t y r e l a t e d t o t h e l o g a r i t h m of t h e c o n c e n t r a t i o n o f one 
o r more o f t h e s p e c i e s p a r t i c i p a t i n g i n t h e t i t r a t i o n r e a c t i o n v e r s u s t h e 
volume of t i t r a n t added . Examples o f t h i s t y p e of t i t r a t i o n a r e a c i d -
b a s e t i t r a t i o n s (pH), p r e c i p i t a t i o n and c o m p l e x a t i o n t i t r a t i o n s (pM), and 
r e d o x t i t r a t i o n s ( c e l l p o t e n t i a l ) . 
The t i t r a t i o n c u r v e f o r a l i n e a r t i t r a t i o n i s o b t a i n e d by p l o t t i n g 
a q u a n t i t y wh ich i s d i r e c t l y p r o p o r t i o n a l t o t h e c o n c e n t r a t i o n of one o r 
more o f t h e s p e c i e s p a r t i c i p a t i n g i n t h e t i t r a t i o n r e a c t i o n v e r s u s t h e 
volume of t i t r a n t added . Examples o f t h i s t y p e of t i t r a t i o n a r e c o n d u c t o -
m e t r i c t i t r a t i o n s ( c o n d u c t a n c e ) , a m p e r o m e t r i c t i t r a t i o n s ( d i f f u s i o n c u r ­
r e n t ) , t h e r m o m e t r i c t i t r a t i o n s ( t e m p e r a t u r e ) , and p h o t o m e t r i c t i t r a t i o n s 
( a b s o r b a n c e ) . 
The end p o i n t o f a l o g a r i t h m i c t i t r a t i o n i s l o c a t e d a t t h e i n f l e c ­
t i o n p o i n t of t h e S shaped t i t r a t i o n c u r v e . The end p o i n t o f a l i n e a r 
t i t r a t i o n i s found a t t h e p o i n t o f i n t e r s e c t i o n formed b y t h e e x t r a p o l a ­
t i o n of t h e two e s s e n t i a l l y s t r a i g h t l i n e p o r t i o n s o f t h e t i t r a t i o n c u r v e . 
I n o r d e r t o compare t h e two t y p e s of end p o i n t d e t e c t i o n and t o u n d e r s t a n d 
t h e i r p r a c t i c a l i m p l i c a t i o n s , a c o m p l e x a t i o n r e a c t i o n w i l l b e t a k e n a s an 
e x a m p l e . 
Fo r t h e complex e q u i l i b r i u m , M + Y = MY, t h e h i g h e s t d e g r e e o f d i s ­
s o c i a t i o n o c c u r s when M and Y a r e p r e s e n t i n e q u i v a l e n t amounts , t h a t i s , 
a t t h e e q u i v a l e n c e p o i n t and, t h e r e f o r e , n e a r t h e end p o i n t . Thus, t h e 
end p o i n t f o r a l o g a r i t h m i c t i t r a t i o n i s l o c a t e d i n t h e p o r t i o n of t h e 
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c u r v e which i s t h e w o r s t w i t h r e s p e c t t o d i s s o c i a t i o n . U s i n g a l i n e a r 
t i t r a t i o n f o r t h e same sys tem, one b r a n c h o f t h e t i t r a t i o n c u r v e i s e s t a b ­
l i s h e d w e l l b e f o r e t h e end p o i n t . The t i t r a t e d m e t a l , M, i s p r e s e n t i n 
e x c e s s i n t h i s r e g i o n , and t h e e q u i l i b r i u m i s s h i f t e d t o t h e r i g h t t o f a v o r 
comple te r e a c t i o n of t h e m e t a l w i t h t h e t i t r a n t . Thus, any change i n t h e 
m e a s u r e d p r o p e r t y w i l l b e e s s e n t i a l l y p r o p o r t i o n a l t o t h e amount of t i t r a n t 
added and a s t r a i g h t l i n e i s o b t a i n e d . I n t h e same manner , beyond t h e end 
p o i n t t h e t i t r a n t , Y, i s p r e s e n t i n e x c e s s and a s h i f t t o w a r d s t h e r i g h t 
f a v o r s c o m p l e t e r e a c t i o n of t h e m e t a l w i t h t h e t i t r a n t . Again, a s t r a i g h t 
l i n e i s t h e r e s u l t . The p o r t i o n of t h e t i t r a t i o n c u r v e i n t h e v i c i n i t y 
o f t h e end p o i n t may have a c o n s i d e r a b l e amount o f c u r v a t u r e due t o t h e 
d i s s o c i a t i o n of t h e complex . T h i s p o r t i o n i s n o t u s e d , i n s t e a d , t h e two 
s t r a i g h t l i n e p o r t i o n s b e f o r e and. a f t e r t h e end p o i n t a r e e x t r a p o l a t e d and 
t h e i n t e r s e c t i o n of t h e s e two l i n e s i s t a k e n a s t h e end p o i n t . Due t o 
t h e f a c t t h a t t h e d a t a f o r a l i n e a r t i t r a t i o n a r e e x t r a p o l a t e d from t h e 
two e x t r e m e s of t h e t i t r a t i o n c u r v e where t h e e q u i l i b r i u m i s mos t f a v o r ­
a b l e , t h e r e q u i r e m e n t s w i t h r e s p e c t t o complex s t a b i l i t y f o r a s u c c e s s f u l 
l i n e a r t i t r a t i o n a r e much l e s s s t r i n g e n t t h a n f o r a l o g a r i t h m i c t i t r a t i o n . 
C a l c u l a t i o n of T i t r a t i o n Curves 
The c o u r s e o f a c h e l o m e t r i c t i t r a t i o n i s u s u a l l y i l l u s t r a t e d b y 
means of a t i t r a t i o n cu rve which p l o t s pM ( i . e . > - l o g [M] ) a s a f u n c t i o n 
of t h e volume of t i t r a n t added . 
The main d i f f i c u l t y i n c a l c u l a t i n g such c u r v e s i s t a k i n g i n t o a c ­
c o u n t t h e i n f l u e n c e o f v a r i o u s s i d e r e a c t i o n s . I f c o n d i t i o n a l s t a b i l i t y 
c o n s t a n t s a r e u sed , ' t h i s d i f f i c u l t y can b e a v o i d e d , and t h e c a l c u l a t i o n 
h5 
i s c o n s i d e r a b l y s i m p l i f i e d . The t h e o r e t i c a l t i t r a t i o n c u r v e can t h e n b e 
o b t a i n e d by s o l v i n g a s e r i e s o f s i m u l t a n e o u s e q u a t i o n s which , f o r c h e l o ­
m e t r i c t i t r a t i o n s , a r e composed of t h e s t a b i l i t y c o n s t a n t e x p r e s s i o n 
XT - M * (O) 
K c o n d " W 
and t h e c o n s e r v a t i o n e x p r e s s i o n s 
c M = [M]* + [MT]* ( 3 ) 
G Y .= [ Y ] * + [MY]* (k) 
For s i m p l i c i t y , t h e s t a r s (•*) w i l l be o m i t t e d h e r e a f t e r . I f we d e f i n e a 
a s t h e f r a c t i o n t i t r a t e d , i t can b e e x p r e s s e d a s 
C Y 
CM 
where CL. and C., a r e t h e t o t a l c o n c e n t r a t i o n s of t h e s e s p e c i e s i n a l l forms, Y M 
Due t o t h e n a t u r e o f t h i s c a l c u l a t i o n , t h e e f f e c t of d i l u t i o n b y t h e t i ­
t r a n t i s n e g l e c t e d . 
Combining e q u a t i o n (h) w i t h e q u a t i o n ( 5 ) 
[ Y ] + [ M Y ] 
a = 7; ( 6 ) 
CM 




[M] K [MY] 
M 
[MY] ( 1 + [M] K' ( 7 ) 






( 8 ) 
T h i s e q u a t i o n i s an e x a c t r e l a t i o n s h i p b e t w e e n _a and [M] i n t e r m s 
of t h e known q u a n t i t i e s C,, and K _. I t i s p o s s i b l e t o s o l v e e q u a t i o n 
^ M cond 
( 8 ) f o r [M] a s a f u n c t i o n of a, b u t f o r a c t u a l c a l c u l a t i o n s i t i s s i m p l e r 
and more c o n v e n i e n t t o t r e a t [ M ] a s t h e i n d e p e n d e n t v a r i a b l e . 
Some l o g a r i t h m i c t i t r a t i o n c u r v e s c a l c u l a t e d w i t h t h e u s e of e q u a ­
t i o n ( 8 ) a r e p r e s e n t e d i n F i g u r e 5 . 
L o g a r i t h m i c T i t r a t i o n s 
The l o g a r i t h m i c t i t r a t i o n method mos t commonly a p p l i e d t o p r a c t i ­
c a l s y s t e m s i s t h e p o t e n t i o m e t r i c t i t r a t i o n . E i t h e r a s a pH t i t r a t i o n 
u t i l i z i n g a g l a s s i n d i c a t o r e l e c t r o d e o r a s a pM t i t r a t i o n u t i l i z i n g some 
o t h e r s o r t o f i n d i c a t o r e l e c t r o d e . When a r e v e r s i b l e c o u p l e can be e s t a b ­
l i s h e d b e t w e e n t h e m e t a l t o be t i t r a t e d and an e l e c t r o d e made o f t h e same 
m e t a l , o r b e t w e e n t h e m e t a l t o be t i t r a t e d and a r e d u c e d form of t h a t 
m e t a l i n s o l u t i o n , t h e E.M.F. of t h a t c o u p l e i s g i v e n b y t h e N e r n s t e q u a ­




[M] ( 9 ) r e d 
I I i L _ J _ _ J I I I I I 
0 O A 0 . 8 1.2 1.6 2 . 0 
a 
F i g u r e 5- C a l c u l a t e d L o g a r i t h m i c T i t r a t i o n Curves 
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I f t h e e l e c t r o d e i s made of t h e m e t a l i t s e l f , i t s a c t i v i t y i s c o n s i d e r e d 
t o h e u n i t y and e q u a t i o n ( 9 ) r e d u c e s t o 
E = E
0
- ^ p * ( 1 0 ) 
I f t h e c o n c e n t r a t i o n of t h e r e d u c e d form r e m a i n s c o n s t a n t d u r i n g t h e t i ­
t r a t i o n , e q u a t i o n (9 ) r e d u c e s t o 
E = E° - ^ 1 1
 p M + 2^323 HT ( } 
nP ox nF ^ r e d v 7 
where t h e t e r m i n v o l v i n g p M r e ( i i s a c o n s t a n t . Thus t h e m e a s u r e d h a l f -
c e l l p o t e n t i a l i s d i r e c t l y p r o p o r t i o n a l t o pM and t h e c e l l v o l t a g e c u r v e 
i s a n a l o g o u s t o t h e pM c u r v e . 
F o r t h e a c c u r a t e d e t e c t i o n of an end p o i n t i n a p o t e n t i o m e t r i c 
t i t r a t i o n , t h e E .M.F. jump a t t h e end p o i n t mus t he l a r g e . The h e i g h t of 
t h i s jump depends on 'both t h e m e t a l i o n c o n c e n t r a t i o n and t h e v a l u e of 
t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t of t h e complex, MY. A " t i t r a t i o n f a c ­
t o r " , T, d e f i n e d a s (29 ) 
l o g K c o n d °M = T < 1 2 ) 
f u r n i s h e s a g u i d e a s t o which minimum v a l u e of t h e p r o d u c t ; K c o n £ ^ i s 
r e q u i r e d i n o r d e r t o a c c u r a t e l y d e t e c t an end p o i n t . The minimum v a l u e 
of T which w i l l a l l o w a p o t e n t i o m e t r i c o r o t h e r l o g a r i t h m i c t i t r a t i o n t o 
b e s u c c e s s f u l l y c a r r i e d o u t h a s b e e n e s t a b l i s h e d a s a b o u t f o u r . The m i n i -
k9 
mum v a l u e of T ' n e c e s s a r y t o d e t e c t an end p o i n t v i s u a l l y i s s l i g h t l y 
l a r g e r t h a n f i v e . Tims i t can h e s e e n t h a t t h e c o n d i t i o n s n e c e s s a r y f o r 
a s u c c e s s f u l p o t e n t i o m e t r i c t i t r a t i o n a r e somewhat l e s s s t r i n g e n t t h a n 
t h o s e f o r a v i s u a l t i t r a t i o n . 
When a f o r e i g n m e t a l i o n , M, i s p r e s e n t i n t h e s o l u t i o n , t h e e f f e c t 
of compe t ing e q u i l i b r i a can be t a k e n i n t o a c c o u n t b y u se of t h e Q^. f a c t o r . 
A f o r e i g n m e t a l i o n h a s t h e e f f e c t of d e c r e a s i n g t h e c o n d i t i o n a l s t a b i l i t y 
o f t h e complex, NY, and, t h e r e f o r e , d e c r e a s i n g t h e pM jump a t t h e end p o i n t , 
F o r example , c o n s i d e r t h e t i t r a t i o n c u r v e i n F i g u r e 5 "with a K c o n £ ° ^ 1 0 1 0 
i n t h e a b s e n c e o f a f o r e i g n m e t a l i o n . Assume t h e same m e t a l i s t i t r a t e d 
i n t h e p r e s e n c e o f a m e t a l M whose c o n c e n t r a t i o n i s 1 0 " 2 F and whose c h e l o -
n a t e h a s a c o n d i t i o n a l s t a b i l i t y c o n s t a n t of l O 7 . The i s g i v e n b y 
Thus t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t o f t h e complex, NY, i n t h e p r e s e n c e 
o f M i s 1 0 l o / l 0 5 = 1 0 5 . The r e s u l t i n g t i t r a t i o n c u r v e f o r K = 1 0 5 i s 
' cond 
a l s o shown i n F i g u r e 5-
L i n e a r T i t r a t i o n s 
S i n c e a ma jo r p o r t i o n of t h i s work d e a l s w i t h p h o t o m e t r i c t i t r a ­
t i o n s , t h e d i s c u s s i o n o f l i n e a r t i t r a t i o n s i s l i m i t e d t o t h i s f i e l d . T h i s 





When a heam of monochromat i c l i g h t i s p a s s e d t h r o u g h a medium 
which a b s o r b s l i g h t o f t h a t w a v e l e n g t h , t h e i n t e n s i t y of t h e l i g h t beam 
i s d e c r e a s e d . The r a . t i o o f t h e i n t e n s i t y of t h e e m e r g i n g l i g h t , I , t o 
t h a t of t h e i n c i d e n t l i g h t "beam, 1° , i s c a l l e d t h e t r a n s m i t t a n c e of t h e 
medium 
( i ) 
The t r a n s m i t t a n c e o f an a b s o r b i n g medium h a s b e e n found t o b e exponen­
t i a l l y r e l a t e d t o t h e l e n g t h of t h e l i g h t p a t h t h r o u g h t h e a h s o r b i n g 
medium, and t o t h e c o n c e n t r a t i o n o f t h e a b s o r b i n g s p e c i e s i n t h a t medium, 
e x p r e s s e d a s 
T = e - k t , C ( 2 ) 
where k i s a c o n s t a n t , b i s t h e p a t h l e n g t h i n c e n t i m e t e r s , and c i s t h e 
c o n c e n t r a t i o n of t h e a b s o r b i n g s p e c i e s . Upon t a k i n g t h e l o g a r i t h m t o t h e 
b a s e 10 and r e a r r a n g e m e n t e q u a t i o n ( 2 ) becomes 
- l o g T = abc = A (3 ) 
where A ( - l o g T) i s t h e a b s o r b a n c e , a i s t h e a b s o r p t i v i t y of t h e a b s o r b -
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i n g s p e c i e s a t t h e w a v e l e n g t h employed, and 15 and £ a r e t h e p a t h l e n g t h 
and c o n c e n t r a t i o n , r e s p e c t i v e l y . E q u a t i o n (3 ) i s t h e L a m b e r t - B e e r l a w 
f o r t h e a b s o r p t i o n of monochromat i c l i g h t and i s t h e b a s i s f o r s p e c t r o ­
p h o t o m e t r y d e t e r m i n a t i o n s and p h o t o m e t r i c t i t r a t i o n s . The mos t impor ­
t a n t consequence o f t h e L a m b e r t - B e e r l aw f o r s p e c t r o p h o t o m e t r i c d e t e r m i n a ­
t i o n s and p h o t o m e t r i c t i t r a t i o n s i s t h e l i n e a r r e l a t i o n s h i p b e t w e e n t h e 
c o n c e n t r a t i o n o f t h e a b s o r b i n g s p e c i e s i n t h e s o l u t i o n and i t s a b s o r b a n c e . 
F o r a p h o t o m e t r i c t i t r a t i o n , t h e a h s o r h a n c e i s p l o t t e d v e r s u s t h e volume 
o f t i t r a n t added, and t h e two l i n e a r p o r t i o n s of t h e c u r v e a r e e x t r a p o ­
l a t e d t o t h e i r p o i n t of i n t e r s e c t i o n which i s t a k e n a s t h e end p o i n t . The 
shape o f a g i v e n t i t r a t i o n c u r v e depends on t h e a b s o r p t i v i t i e s o f t h e 
s p e c i e s t i t r a t e d , t h e t i t r a n t , and t h e r e a c t i o n p r o d u c t s . The w a v e l e n g t h 
u s e d f o r t h e t i t r a t i o n i s chosen from t h e a b s o r b a n c e s p e c t r a o f t h e s p e c i e s 
i n v o l v e d i n t h e t i t r a t i o n . The w a v e l e n g t h chosen i s u s u a l l y t h e one a t 
which t h e g r e a t e s t p o s s i b l e a b s o r b a n c e change w i l l be o b t a i n e d d u r i n g t h e 
t i t r a t i o n . 
P h o t o m e t r i c End P o i n t s 
The shape o f a, p h o t o m e t r i c t i t r a t i o n c u r v e w i l l v a r y w i t h t h e t y p e 
of p h o t o m e t r i c i n d i c a t i o n employed f o r t h e t i t r a t i o n . A n o m e n c l a t u r e f o r 
t h e t h r e e t y p e s o f p h o t o m e t r i c i n d i c a t i o n s h a s b e e n p r o p o s e d b y F l a s c h k a 
and Sawyer ( 3 0 ) . Each o f t h e s e t h r e e t y p e s w i l l be d i s c u s s e d b e l o w . 
S e l f - I n d i c a t i o n . A sys t em i s s a i d t o be s e l f - i n d i c a t i n g when, upon 
a d d i t i o n o f t i t r a n t , a m e t a l i o n i n i t i a l l y p r e s e n t a s a complex i s p r o ­
g r e s s i v e l y t r a n s f e r r e d i n t o a c h e l o n a t e of d i f f e r i n g a b s o r p t i v i t y . A 
l i n e a r t i t r a t i o n c u r v e , s u c h a s t h e o n e s shown i n F i g u r e 6, c u r v e s A and 
B, i s o b t a i n e d . 
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S t e p - I n d i c a t i o n . I f a s m a l l amount of a c o m p l e x - f o r m i n g i n d i c a t o r 
i s employed t o form a c o l o r e d m e t a l i n d i c a t o r complex, a s t e p - l i k e change 
i n a b s o r b a n c e i s o b s e r v e d a t t h e end p o i n t a s shown i n F i g u r e 6, c u r v e C. 
T h i s t y p e of i n d i c a t i o n i s r e f e r r e d t o a s s t e p - i n d i c a t i o n . T i t r a t i o n s 
employ ing s t e p - i n d i c a t i o n a r e l i n e a r t i t r a t i o n s o n l y w i t h r e s p e c t t o t h e 
i n d i c a t o r i n t h a t t h e a b s o r b a n c e i s a l i n e a r f u n c t i o n of t h e c o n c e n t r a t i o n 
of t h e f r e e o r m e t a l i z e d i n d i c a t o r . However, t h e i n d i c a t o r r e s p o n d s t o 
t h e pM jump a t t h e end p o i n t . Thus, p h o t o m e t r i c t i t r a t i o n s w i t h s t e p -
i n d i c a t i o n a r e l o g a r i t h m i c w i t h 2 ' espec t t o t h e m e t a l and l i n e a r w i t h r e ­
s p e c t t o t h e i n d i c a t o r and can be c l a s s i f i e d a s q u a s i l o g a r i t h m i c t i t r a t i o n s . 
The r e q u i r e m e n t s f o r s u c c e s s f u l s t e p - i n d i c a t i o n a r e s i m i l a r t o t h o s e f o r 
v i s u a l i n d i c a t i o n b u t a r e g e n e r a l l y l e s s s t r i n g e n t . 
S l o p e - I n d i c a t i o n . I f a m e t a l i o n , i t s t i t r a n t , and t h e complex 
formed b y t h e i r r e a c t i o n a r e c o l o r l e s s , an end p o i n t can somet imes b e o b ­
t a i n e d b y a d d i n g a n o t h e r m e t a l i o n which g i v e s a s e l f - i n d i c a t i n g sy s t em 
and forms a l e s s s t a b l e complex w i t h t h e t i t r a n t . Thus t h e m e t a l t o b e 
d e t e r m i n e d i s t i t r a t e d p r i o r t o t h e i n d i c a t o r m e t a l , and t h e added m e t a l 
and t h e t i t r a n t form a s e l f - i n d i c a t i n g sy s t em which l o c a t e s t h e end p o i n t 
o f t h e t i t r a t i o n . T h i s t y p e o f i n d i c a t i o n i s c a l l e d s l o p e - i n d i c a t i o n and 
i s i l l u s t r a t e d i n F i g u r e 6, c u r v e B. The e q u i l i b r i u m r e q u i r e m e n t s f o r a 
s l o p e - i n d i c a t i n g sy s t em a r e t h o s e f o r a s e l e c t i v e l i n e a r t i t r a t i o n of t h e 
m e t a l t o be d e t e r m i n e d . A l s o , t h e a b s o r p t i v i t i e s of a l l t h e s p e c i e s i n ­
v o l v e d mus t b e such t h a t t h e s l o p e o f t h e t i t r a t i o n c u r v e b e f o r e and a f t e r 
t h e end p o i n t d i f f e r s u f f i c i e n t l y t o p e r m i t p r e c i s e l o c a t i o n of t h a t p o i n t . 
One of t h e f i r s t s y s t e m s s t u d i e d i n v o l v i n g s l o p e - i n d i c a t i o n was t h e 
EDTA t i t r a t i o n of b i s m u t h u s i n g c o p p e r a s t h e s l o p e i n d i c a t o r ( 3 l ) « The 
5^ 
t i t r a t i o n c u r v e f o r t h a t sys t em i s s i m i l a r t o c u r v e D of F i g u r e 6 . The 
f i r s t h o r i z o n t a l segment c o r r e s p o n d s t o t h e t i t r a t i o n o f b i s m u t h . A f t e r 
a l l t h e b i s m u t h h a s b e e n t i t r a t e d , c o p p e r i s t i t r a t e d and t h e a b s o r b a n c e 
i n c r e a s e s due t o t h e f o r m a t i o n of t h e i n t e n s e l y c o l o r e d copper-EDTA com­
p l e x . I f t h e t i t r a t i o n i s c o n t i n u e d , c o p p e r can be d e t e r m i n e d , s i n c e , 
when a l l t h e c o p p e r h a s b e e n t i t r a t e d , a second h o r i z o n t a l segment i s 
o b t a i n e d which l o c a t e s t h e end p o i n t f o r c o p p e r . Thus i t i s p o s s i b l e t o 
d e t e r m i n e two m e t a l s from a s i n g l e t i t r a t i o n c u r v e . 
A p p l i c a t i o n s o f P h o t o m e t r i c T i t r a t i o n s 
G e n e r a l l y , p h o t o m e t r i c end p o i n t d e t e c t i o n i s a d v a n t a g e o u s when 
a p p l i e d t o t h e t i t r a t i o n o f d i l u t e s o l u t i o n s o r t o s y s t e m s i n wh ich t h e 
t i t r a t i o n r e a c t i o n i s i n c o m p l e t e sit t h e end p o i n t , e . g . , t i t r a t i o n s of 
v e r y weak a c i d s o r b a s e s , c o m p l e x a t i o n r e a c t i o n s f o r m i n g r a t h e r weak com­
p l e x e s , and r e a c t i o n s which are. s low i n t h e v i c i n i t y o f t h e end p o i n t . 
These s y s t e m s t e n d to p r o d u c e a r o u n d i n g o f t h e p h o t o m e t r i c t i t r a t i o n 
c u r v e i n t h e v i c i n i t y of t h e end p o i n t , b u t such r o u n d i n g i s o f t e n no 
h i n d r a n c e t o t h e a p p l i c a t i o n of e x t r a p o l a t i v e p h o t o m e t r i c m e t h o d s . 
The a p p l i c a t i o n o f p h o t o m e t r i c end p o i n t d e t e c t i o n t o t i t r a t i o n s 
wh ich can a l s o be p e r f o r m e d v i s u a l l y i n c r e a s e s t h e p r e c i s i o n o f t h e t i ­
t r a t i o n b u t d o e s n o t n e c e s s a r i l y i n c r e a s e t h e a c c u r a c y ( 3 2 ) . P h o t o m e t r i c 
t i t r a t i o n s can b e p e r f o r m e d . a u t o m a t i c a l l y wh ich i s an a d v a n t a g e f o r r o u ­
t i n e a n a l y s i s . 
P h o t o m e t r i c end p o i n t d e t e c t i o n i s a l s o u s e f u l f o r s y s t e m s i n wh ich 
t h e human eye c a n n o t d e t e c t a v i s u a l end p o i n t . A p h o t o m e t r i c end p o i n t 
i s o f t e n r e q u i r e d when s t r o n g l y c o l o r e d s o l u t i o n s a r e t o be t i t r a t e d . 
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S i n c e e s s e n t i a l l y monochromat i c l i g h t i s u s e d f o r p h o t o m e t r i c t i t r a t i o n s , 
i t i s p o s s i b l e t o choose a w a v e l e n g t h which w i l l he f r e e o f i n t e r f e r e n c e 
from t h e b a c k g r o u n d c o l o r of t h e s o l u t i o n . P h o t o m e t r i c end p o i n t d e t e c ­
t i o n i s a l s o u s e f u l i n c a s e s where t h e c o l o r change i s " i n d i s t i n c t o r 
d r a g g i n g " . I f t h e t i t r a t i o n r e a c t i o n i s s low o r an u n f a v o r a b l e e q u i l i ­
b r i u m e x i s t s a t t h e e q u i v a l e n c e p o i n t , an i n d i s t i n c t end p o i n t i s o b t a i n e d . 
An e x t r a p o l a t i v e p h o t o m e t r i c method i s a p p l i c a b l e i n e i t h e r c a s e . A n o t h e r 
p o s s i b l e c a u s e o f a p o o r v i s u a l end p o i n t l i e s i n t h e f a c t t h a t t h e d i f ­
f e r e n c e i n " c o l o r " o f t h e m e t a l i z e d and f r e e form of an i n d i c a t o r may n o t 
b e d e t e c t a b l e t o t h e e y e . A p h o t o t i t r a t o r , however , can u s u a l l y d i f f e r ­
e n t i a t e b e t w e e n " c o l o r s " which a p p e a r a l m o s t i d e n t i c a l t o t h e human e y e . 
C a l c u l a t i o n o f P h o t o m e t r i c T i t r a t i o n Curves 
A c r u d e e s t i m a t i o n a s t o w h e t h e r o r n o t a r e a c t i o n can b e employed 
a s t h e b a s i s f o r a p h o t o m e t r i c t i t r a t i o n can be made from an i n s p e c t i o n 
o f t h e r e l e v a n t s t a b i l i t y c o n s t a n t s and t h e a b s o r p t i o n s p e c t r a o f t h e 
s p e c i e s i n v o l v e d i n t h e t i t r a t i o n . I t i s a l s o p o s s i b l e t o c a l c u l a t e t h e 
e n t i r e t i t r a t i o n c u r v e u s i n g r i g o r o u s l y d e r i v e d e q u a t i o n s . For example , 
p h o t o m e t r i c t i t r a t i o n c u r v e s f o r a c i d - b a s e s y s t e m s have b e e n d e r i v e d b y 
Goddu and Hume (33 ) and by H i g u c h i (3*0* 
T i t r a t i o n curve;s f o r t h e t h r e e t y p e s o f p h o t o m e t r i c i n d i c a t i o n have 
a l s o b e e n d e r i v e d by v a r i o u s a u t h o r s . These d e r i v a t i o n s , a l t h o u g h t h e o r e ­
t i c a l l y i n t e r e s t i n g , Eire somewhat s i m i l a r t o t h o s e o u t l i n e d i n C h a p t e r I I 
and w i l l n o t b e p r e s e n t e d i n t h e f o l l o w i n g d i s c u s s i o n s . However, some 
t i t r a t i o n c u r v e s f o r e a c h t y p e o f p h o t o m e t r i c i n d i c a t i o n , c a l c u l a t e d u s i n g 
t h e r e s u l t s o f t h e s e d e r i v a t i o n s , w i l l be p r e s e n t e d i n o r d e r t o more f u l l y 
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e x p l a i n t h e p r i n c i p l e s and p r o b l e m s i n v o l v e d i n e a c h t y p e o f i n d i c a t i o n . 
F o r comple t e d e r i v a t i o n s and a more t h o r o u g h d i s c u s s i o n of r e s u l t s , t h e 
r e a d e r i s r e f e r r e d t o t h e l i t e r a t u r e . 
F l a s c h k a (35 ) h a s d e r i v e d e q u a t i o n s f o r b o t h t h e s e l f - i n d i c a t i n g 
and s l o p e - i n d i c a t i n g c a s e s f o r c h e l o m e t r i c t i t r a t i o n s i n -which 1 :1 com­
p l e x e s a r e fo rmed . 
The r e s u l t s o f t h e d e r i v a t i o n f o r a s e l f - i n d i c a t i n g sys t em show 
t h a t u s e f u l t i t r a t i o n s a r e p o s s i b l e when t h e p r o d u c t i s a s low a s 
5 0 . As t h e p r o d u c t C^ d e c r e a s e s , t h e p h o t o m e t r i c t i t r a t i o n c u r v e d e ­
v i a t e s more and more from l i n e a r i t y i n t h e v i c i n i t y of t h e end p o i n t , and 
t h e c u r v e becomes h o r i z o n t a l f o r s m a l l v a l u e s o f C^ o n l y a f t e r t h e ad ­
d i t i o n of a l a r g e e x c e s s of t i t r a n t . F i g u r e 7 shows t h e c a l c u l a t e d p h o t o ­
m e t r i c and l o g a r i t h m i c (pM) t i t r a t i o n c u r v e s f o r t h e v a l u e of = 5 0 . 
The a d v a n t a g e o f a p h o t o m e t r i c t i t r a t i o n a s compared t o a pM t i t r a t i o n i s 
e v i d e n t from t h i s p l o t . 
The r e s u l t s of t h e d e r i v a t i o n f o r a s l o p e - i n d i c a t i n g sy s t em r e v e a l 
t h a t a m e t a l M can be s u c c e s s f u l l y t i t r a t e d u s i n g an e q u a l c o n c e n t r a t i o n 
of a m e t a l N a s a s l o p e i n d i c a t o r when t h e r a t i o of c o n d i t i o n a l c o n s t a n t s 
K M Y / K N Y i S 1 0 0 ° r s r e a t e r . The shape of t h e t i t r a t i o n c u r v e depends on 
t h e r a t i o K ^ / K ^ Y * F o r a l a r g e v a l u e of K ^ / K ^ y / t t L e t i t r a t i o n c u r v e w i l l 
show a s h a r p b r e a k a t t h e f i r s t end p o i n t . I f K ^ / K ^ . i s s m a l l , t h e t i ­
t r a t i o n c u r v e i s drawn o u t i n t h e v i c i n i t y o f t h e end p o i n t . I f t h i s 
c u r v a t u r e i s s e v e r e , t h e l o c a t i o n of an end p o i n t i s d i f f i c u l t o r impos­
s i b l e . F i g u r e 8 shows t h e c a l c u l a t e d p h o t o m e t r i c and l o g a r i t h m i c (pM) 
t i t r a t i o n c u r v e s f o r a s o l u t i o n 1 x 1 0 " 2 F i n M and N w i t h K ^ / l C ^ = 1 0 0 . 
Again i t can be s e e n t h a t t h e a p p l i c a t i o n o f a p h o t o m e t r i c t i t r a t i o n i s 
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F i g u r e 7 . C a l c u l a t e d P h o t o m e t r i c and L o g a r i t h m i c T i t r a t i o n 
Curves f o r a S i n g l e M e t a l System 
JL 
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F i g u r e 8 . C a l c u l a t e d P h o t o m e t r i c and L o g a r i t h m i c T i t r a t i o n 
CurveE; f o r a Two M e t a l System 
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m o s t a d v a n t a g e o u s i n such a c a s e . 
T h e o r e t i c a l s t u d i e s of s t e p - i n d i c a t i n g s y s t e m s have b e e n c a r r i e d 
o u t b y a number of "workers ( 3 6 , 3 7 ) • These s t u d i e s show t h a t a s h a r p end 
p o i n t i s o h t a i n e d when K ^ / ^ j i- s g r e a t e r t h a n 1 0 4 , K .^ i t s e l f i s g r e a t e r 
t h a n 1 0 4 , t h e i n d i c a t o r c o n c e n t r a t i o n i s low, and t h e m e t a l c o n c e n t r a t i o n 
i s h i g h . However, no c o m p l e t e l y g e n e r a l s t u d i e s were u n d e r t a k e n . F l a s c h k a 
and coworke r s ( 38 ) made a g e n e r a l s t u d y of s t e p - i n d i c a t i n g s y s t e m s u s i n g 
computer t e c h n i q u e s t o m i n i m i z e l a b o r and t o a v o i d t h e u s e of m a t h e m a t i c a l 
a p p r o x i m a t i o n s . C a l c u l a t i o n s were made f o r many d i f f e r e n t n u m e r i c a l v a l u e s 
of t h e p a r a m e t e r s K^,., K ^ , CM , and C^. F i g u r e 9 shows t h e c a l c u l a t e d 
p h o t o m e t r i c t i t r a t i o n c u r v e s f o r v a r i o u s v a l u e s o f t h e i n d i c a t o r c o n s t a n t 
where = l O 1 0 , C M = 1 0 " 3 F , and C = 10" 5 F . I t can be s e e n t h a t f o r 
t h i s p a r t i c u l a r c a s e a low v a l u e of ( i . e . , K^ . = 1 0 3 ) c a u s e s c o n s i d e r ­
a b l e c u r v a t u r e b e f o r e t h e end p o i n t and no s h a r p b r e a k i s o b t a i n e d . A 
h i g h v a l u e of K^. ( i . e . , = 1 0 1 0 ) on t h e o t h e r hand c a u s e s c o n s i d e r a b l e 
c u r v a t u r e a f t e r t h e end p o i n t and a g a i n no s h a r p b r e a k i s o b t a i n e d . How­
e v e r , end p o i n t s can be l o c a t e d f o r b o t h c a s e s . T i t r a t i o n c u r v e s f o r 
i n t e r m e d i a t e v a l u e s o f K^. e x h i b i t more p r o n o u n c e d b r e a k s n e a r t h e end 
p o i n t . The t i t r a t i o n cu rve f o r K^ . = 1 0 7 i s n e a r l y an i d e a l s t e p - i n d i c a t i o n 
c u r v e . 
F i g u r e 10" shows t h e c a l c u l a t e d p h o t o m e t r i c t i t r a t i o n c u r v e s f o r v a r i ­
ous i n d i c a t o r c o n c e n t r a t i o n s .where = l O 1 0 , = 1 0 " 3 F , and = 1 0 5 . 
These c u r v e s show t h e e f f e c t of i n c r e a s i n g t h e i n d i c a t o r c o n c e n t r a t i o n on 
a sy s t em which, a t low C .^, would g i v e a b r e a k a t t h e end p o i n t and i l l u s ­
t r a t e a mos t i n t e r e s t i n g c o n c l u s i o n drawn from t h e s e c a l c u l a t i o n s . I t 
can be s e e n t h a t a s C^ i s i n c r e a s e d , t h e p o r t i o n o f t h e t i t r a t i o n c u r v e 
F i g u r e 9» I n f l u e n c e o f K on a P h o t o m e t r i c T i t r a t i o n Curve 
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b e f o r e t h e end p o i n t becomes i n c r e a s i n g l y rounded u n t i l , u l t i m a t e l y , a 
s e l f - i n d i c a t i n g s y s t e m i s o b t a i n e d . I n g e n e r a l a s e l f - i n d i c a t i n g p h o t o ­
m e t r i c t i t r a t i o n c u r v e i s o b t a i n e d on t h e a d d i t i o n of an i n d i c a t o r when­






• S n s 1 0 - 1 *m C M 
Thus i t i s p o s s i b l e t o c r e a t e a s e l f - i n d i c a t i n g s y s t e m by t h e a d d i ­
t i o n o f an e x c e s s o f a m e t a l i n d i c a t o r . Such s e l f i n d i c a t i o n may b e u s e d 
f o r t h e t i t r a t i o n of one m e t a l , o r t o i n d i c a t e t h e end p o i n t i n t h e t i t r a ­
t i o n of a n o t h e r m e t a l (which m u s t complex s t r o n g l y w i t h t h e t i t r a n t and 
w e a k l y o r n o t a t a l l w i t h t h e i n d i c a t o r ) . Thus, t h e p o s s i b i l i t y e x i s t s 
f o r a c o n s e c u t i v e t i t r a t i o n of two m e t a l s . Three t i t r a t i o n m e t h o d s em­
p l o y i n g t h i s p r i n c i p l e have b e e n r e p o r t e d . I n t h e f i r s t method, s u b -
mic rog ram amounts of c a l c i u m and magnesium were t i t r a t e d w i t h EDTA a t pH 
10 u s i n g m a g n e s i u m - C a l m a g i t e a s t h e s l o p e - i n d i c a t i n g s y s t e m ( 3 0 ) . The 
o t h e r two me thods employed t h e z i n c - M u r e x i d e (39 ) a n d t h e z i n c - Z i n c o n 
(ho) s y s t e m s a s t h e s l o p e - i n d i c a t i n g s y s t e m s f o r t h e EDTA t i t r a t i o n , c ad ­
mium a t pH 1 0 . 
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CHAPTER V 
EQUIPMENT AND CHEMICALS 
P h o t o m e t r i c T i t r a t o r 
i The p h o t o m e t r i c t i t r a t o r s u s e d i n t h i s r e s e a r c h were d e s i g n e d and 
h u i l t "by F l a s c h k a and Sawyer (kl), and F l a s c h k a and B u t c h e r ( 4 9 ) . With 
t h e s e i n s t r u m e n t s , t i t r a t i o n s a r e p e r f o r m e d w i t h t h e t i t r a t i o n v e s s e l i n 
t h e o p e n . The d e s i g n f e a t u r e s o f t h e f i r s t o f t h e s e i n s t r u m e n t s (kl) a r e 
d i s c u s s e d i n C h a p t e r IX. 
T i t r a t i o n v e s s e l s were c o n s t r u c t e d from r e c t a n g u l a r p i e c e s o f p l a t e 
g l a s s , bonded w i t h epoxy g l u e . The s t i r r e r was a g l a s s r o d w i t h a s m a l l 
p r o p e l l e r a t t h e l o w e r end and was d r i v e n b y a s m a l l s i x v o l t m o t o r . 
O t h e r I n s t r u m e n t s 
Spe c t ropho tome t e r s 
A l l s p e c t r a l c u r v e s were made w i t h a Bausch and Lomb S p e c t r o n i c 505 
r e c o r d i n g s p e c t r o p h o t o m e t e r . S c r e e n c a l i b r a t i o n s were made w i t h a Cary 
Model lk r e c o r d i n g s p e c t r o p h o t o m e t e r . 
pH Me te r 
A l l pH m e a s u r e m e n t s were made w i t h a Leeds and N o r t h r u p #7664 pH 
m e t e r . The i n s t r u m e n t was s t a n d a r d i z e d w i t h a p o t a s s i u m a c i d 1 t a r t r a t e 
b u f f e r ( s a t u r a t e d s o l u t i o n , 25°C, pH 3 - 5 7 ) -
P o t e n t i o m e t e r 
A l l p o t e n t i a l m e a s u r e m e n t s were made w i t h t h e Beckman R e s e a r c h 
Model pH m e t e r . 
6k 
G l a s s w a r e 
The u s u a l l a b o r a t o r y g l a s s w a r e such a s b e a k e r s and f l a s k s was u s e d 
a s n e e d e d . A l l v o l u m e t r i c g l a s s w a r e was C l a s s A and was u s e d w i t h o u t a d ­
d i t i o n a l c a l i b r a t i o n . 1 
Chemica l s 
Water 
D e i o n i z e d w a t e r was u s e d e x c l u s i v e l y . 
Disodium ( E t h y l e n e d i n i t r i l o ) t e t r a a c e t i c Acid D i h y d r a t e (EDTA) 
J . T. Bake r Chemica l Company "Baker A n a l y s e d " d i s o d i u m EDTA was 
s l u r r i e d i n s e v e r a l h u n d r e d m i l l i l i t e r s of w a t e r and a few p e l l e t s o f 
sodium h y d r o x i d e were added t o h a s t e n d i s s o l u t i o n . The s o l u t i o n was p r e ­
p a r e d t o be a p p r o x i m a t e l y 0 . 1 F (37»2 g / l ) and was s t a n d a r d i z e d a g a i n s t 
a s t a n d a r d z i n c s o l u t i o n . 
X y l e n o l Orange 
J . T. Bake r Chemica l Company x y l e n o l o r a n g e was u s e d . The i n d i c a ­
t o r s o l u t i o n was p r e p a r e d by d i s s o l v i n g 0 . 1 g of t h e t e t r a s o d i u m s a l t i n 
100 ml o f w a t e r . 
S u l p h o s a l i c y l i c Acid 
Bake r r e a g e n t g r a d e s u l p h o s a l i c y l i c a c i d was u s e d . The i n d i c a t o r 
s o l u t i o n was p repa red , b y d i s s o l v i n g 1 g of t h e a c i d i n 10 ml o f w a t e r . 
l - ( 2 - P y r i d y l a z o ) - 2 - n a p h t h o l (PAN) 
Bake r r e a g e n t g r a d e PAN was u s e d . A 0 . 0 1 F i n d i c a t o r s o l u t i o n was 
p r e p a r e d by d i s s o l v i n g 0 . 6 2 2 g of t h e s o l i d i n d i c a t o r t o 250 ml w i t h 95 
p e r c e n t e t h a n o l . 
A c i d s 
DuPont c o n c e n t r a t e d n i t r i c , h y d r o c h l o r i c , s u l f u r i c , and p e r c h l o r i c 
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a c i d s were u s e d a s r e q u i r e d . 
B a s e s 
DuPont c o n c e n t r a t e d aqueous ammonia and J . T. Baker " A n a l y s e d " 
sodium h y d r o x i d e p e l l e t s were u s e d a s r e q u i r e d . 
Z i n c S t a n d a r d S o l u t i o n 
A s t a n d a r d 0 .1000 F z i n c s o l u t i o n was p r e p a r e d b y d i s s o l v i n g 6 . 5 3 8 
grams of B a k e r " A n a l y s e d " z i n c m e t a l (99»99 p e r c e n t p u r e ) i n t h e minimum 
amount of n i t r i c a c i d . The s o l u t i o n was t h e n b o i l e d b r i e f l y t o e x p e l 
o x i d e s of n i t r o g e n , c o o l e d , and d i l u t e d t o one l i t e r . 
M e t a l S a l t S o l u t i o n s 
J . T. B a k e r " A n a l y s e d " m e t a l s and m e t a l s a l t s were u s e d t o p r e p a r e 
t h e d e s i r e d s o l u t i o n s . I n t h e c a s e s o f s t r o n g l y a c i d i c m e t a l i o n s , a c i d 
was added t o r e d u c e h y d r o l y s i s . 
I r o n 
An a p p r o x i m a t e l y 0 . 1 F i r o n s o l u t i o n was p r e p a r e d b y d i s s o l v i n g k-0 
grams of i r o n ( l l l ) n i t r a t e i n one l i t e r o f w a t e r . T h i s s o l u t i o n was s t a n ­
d a r d i z e d b y a p h o t o m e t r i c t i t r a t i o n w i t h a s t a n d a r d EDTA s o l u t i o n a t pH 
2 - 3 u s i n g s u l p h o s a l i c y l i c a c i d a s i n d i c a t o r . 
B i smuth 
An a p p r o x i m a t e l y 0 . 6 F b i s m u t h s o l u t i o n was p r e p a r e d b y d i s s o l v i n g 
290 g o f b i s m u t h n i t r a t e i n w a t e r t o which s e v e r a l ml of c o n c e n t r a t e d 
n i t r i c a c i d had b e e n added and d i l u t i n g t o one l i t e r . 
G a l l i u m 
An a p p r o x i m a t e l y 0 . 0 1 F g a l l i u m s o l u t i o n was p r e p a r e d b y d i s s o l v i n g 
a b o u t 0 . 7 g of g a l l i u m m e t a l i n t h e minimum amount of p e r c h l o r i c a c i d and 
d i l u t i n g t o one l i t e r . 
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Indium 
An a p p r o x i m a t e l y 0 . 3 F ind ium s o l u t i o n was p r e p a r e d b y d i s s o l v i n g 
8 . 6 g o f ind ium m e t a l i n t h e minimum amount of p e r c h l o r i c a c i d and d i l u t ­
i n g t o 250 m l . 
N i c k e l 
A 0 . 5 F n i c k e l s o l u t i o n was p r e p a r e d by d i s s o l v i n g 2 9 . 3 5 g of n i c k e l 
m e t a l ( 9 9 - 9 p e r c e n t p u r e ) i n a minimum amount of 1 :1 n i t r i c a c i d and d i ­
l u t i n g t o one l i t e r . 
C o b a l t 
A 0 . 1 0 0 F c o b a l t s o l u t i o n was p r e p a r e d b y d i s s o l v i n g I . V 7 3 g o f c o ­
b a l t m e t a l ( 9 9 • 9 p e r c e n t p u r e ) i n a minimum amount o f 1 :1 n i t r i c a c i d and 
d i l u t i n g t o 250 m l . 
Ammonium C h l o r i d e 
Ammonium c h l o r i d e was u s e d a s t h e s o l i d s a l t . R e a g e n t g r a d e ammo­
nium c h l o r i d e was u s e d t h r o u g h o u t mos t o f t h i s work ; however , U . S . P . g r a d e 
ammonium c h l o r i d e p r o v e d s a t i s f a c t o r y i n some c a s e s . 
O t h e r Chemica l s 
A l l o t h e r c h e m i c a l s were Bake r " A n a l y s e d " r e a g e n t s e x c e p t t h a t 
Eas tman 1 - a s c o r b i c a c i d was u s e d . 
S t a n d a r d i z a t i o n P r o c e d u r e 
EDTA S t a n d a r d i z a t i o n 
An a l i q u o t o f t h e s t anda rd , z i n c s o l u t i o n was p i p e t t e d i n t o a f l a s k 
and d i l u t e d w i t h w a t e r . A few m i l l i l i t e r s o f an a c e t a t e b u f f e r pH 5 were 
added a l o n g w i t h one o r two d r o p s o f x y l e n o l o r a n g e s o l u t i o n . The r e s u l t ­
i n g s o l u t i o n was t h e n t i t r a t e d w i t h an EDTA s o l u t i o n u n t i l t h e i n d i c a t o r 
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c o l o r changed from r e d t o y e l l o w . 
S t o r a g e o f S o l u t i o n s 
A l l c h e l o n and i n d i c a t o r s o l u t i o n s , a l l a l k a l i n e s o l u t i o n s , and 
a l l d i l u t e ( 0 . 0 0 1 F o r l e s s ) m e t a l i o n s o l u t i o n s were s t o r e d i n p o l y e t h y ­
l e n e b o t t l e s . 
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CHAPTER VI 
THE EDTA TITRATION OF I R O N ( i l l ) IN THE PRESENCE 
OF HIGH CONCENTRATIONS OF BISMUTH 
I n t r o d u c t i o n 
The d i r e c t c h e l o m e t r i c t i t r a t i o n of b i s m u t h when p r e s e n t a s t h e 
c h l o r i d e i s u s u a l l y d i f f i c u l t , b e c a u s e o f t h e f o r m a t i o n of t h e i n s o l u b l e 
o x y c h l o r i d e . I t i s known- t h a t h i g h c h l o r i d e c o n c e n t r a t i o n s p r e v e n t t h e 
f o r m a t i o n o f t h e o x y c h l o r i d e , o r r e d i s s o l v e i t once i t h a s formed, p r o ­
v i d e d t h a t t h e pH i s l o w e r t h a n a b o u t 3* I t was t h o u g h t t h a t a d d i t i o n o f 
h i g h c o n c e n t r a t i o n s o f c h l o r i d e m i g h t o f f e r a p o s s i b i l i t y f o r t h e d i r e c t 
t i t r a t i o n o f b i s m u t h b e c a u s e , i n such a s o l u t i o n , no p r e c i p i t a t e would 
form. However, u n d e r t h e s e c o n d i t i o n s b i s m u t h gave o n l y a f a i n t c o l o r o r 
no c o l o r a t a l l w i t h s e v e r a l m e t a l i n d i c a t o r s t r i e d , and t h e r a t e of r e ­
a c t i o n of b i s m u t h w i t h EDTA was, from a l l i n d i c a t i o n s , s l o w . These e x ­
p e r i m e n t a l f i n d i n g s s u g g e s t e d t h e p o s s i b i l i t y of u s i n g c h l o r i d e f o r t h e 
" low s t a b i l i t y m a s k i n g " of b i s m u t h . 
To t e s t t h i s i d e a an a t t e m p t was made t o t i t r a t e i r o n i n t h e p r e ­
s e n c e of b i s m u t h , m a s k i n g t h e l a t t e r by c h l o r i d e . The s t a b i l i t i e s of t h e 
EDTA complexes of i r o n and b i s m u t h a r e of n e a r l y t h e same o r d e r . Conse ­
q u e n t l y t h e m e t a l s m u t u a l l y i n t e r f e r e i n t i t r a t i o n . A l t h o u g h i t i s n o t 
d i f f i c u l t t o t i t r a t e b i s m u t h i n t h e p r e s e n c e o f i r o n when t h e l a t t e r i s 
masked b y r e d u c t i o n t o i r o n ( l l ) w i t h a s c o r b i c a c i d ( 4 2 ) , t h e d e t e r m i n a t i o n 
of i r o n i n t h e p r e s e n c e o f b i s m u t h was p r e v i o u s l y p o s s i b l e o n l y by d i f f e r -
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e n c e m e t h o d s . The sum i r o n + b i s m u t h i s . t i t r a t e d i n one a l i q u o t , and t h e 
b i s m u t h i s t i t r a t e d i n a second ' a l i q u o t , a f t e r t h e i r o n i s masked by r e ­
d u c t i o n . The i r o n i s o b t a i n e d b y d i f f e r e n c e . T h i s p r o c e d u r e y i e l d s good 
r e s u l t s f o r i r o n o n l y i f t h e B i : F e r a t i o i s c l o s e t o o r be low u n i t y . With 
b i s m u t h p r e s e n t i n i n c r e a s i n g e x c e s s , t h e r e s u l t s f o r i r o n r a p i d l y become 
l e s s a c c u r a t e . 
S u l p h o s a l i c y l i c a c i d was employed a s t h e i n d i c a t o r f o r t h e t i t r a t i o n 
o f i r o n a t pH 2 - 3 . P r e l i m i n a r y e x p e r i m e n t s r e v e a l e d t h a t t h e c o l o r of t h e 
i r o n - s u l p h o s a l i c y l i c a c i d complex i s d i s c h a r g e d o n l y s l o w l y a f t e r t h e a d d i ­
t i o n of e x c e s s EDTA,. when t h e amount o f ammonium c h l o r i d e added i s n o t 
h i g h e r t h a n t h a t r e q u i r e d t o r e d i s s o l v e t h e b i s m u t h o x y c h l o r i d e i n i t i a l l y 
fo rmed. But w i t h t h e s o l u t i o n n e a r l y s a t u r a t e d w i t h ammonium c h l o r i d e , 
t h e c o l o r d i s a p p e a r s r a p i d l y w i t h a s e e m i n g l y e q u i v a l e n t amount of EDTA. 
However, t h e d i s a p p e a r a n c e o f t h e r e d c o l o r a t t h e end p o i n t was o n l y 
g r a d u a l , e s p e c i a l l y w i t h a l a r g e e x c e s s o f b i s m u t h p r e s e n t . Thus, i n t h i s 
p a r t i c u l a r c a s e , no v i s u a l end p o i n t c o u l d be o b t a i n e d and a p h o t o m e t r i c 
t i t r a t i o n was u s e d . 
A p p a r a t u s 
The p h o t o t i t r a t o r d e s c r i b e d i n C h a p t e r IX was employed w i t h a h e a t 
f i l t e r mounted i n t h e l i g h t p a t h . An i n t e r f e r e n c e f i l t e r w i t h t h e n o m i n a l 
w a v e l e n g t h o f 508 mu was u s e d . AL1 t i t r a t i o n s were p e r f o r m e d i n a g l a s s 
c e l l w i t h a 2 cm p a t h l e n g t h and a 200 ml c a p a c i t y . 
R e a g e n t s 
The r e a g e n t s were p r e p a r e d and s t a n d a r d i z e d a s d e s c r i b e d i n Chap­
t e r V. 
TO 
P r o c e d u r e 
An a c c u r a t e l y m e a s u r e d amount of t h e m e t a l i o n s o l u t i o n was t r a n s ­
f e r r e d t o t h e t i t r a t i o n c e l l and enough h o t w a t e r was added t o make t h e 
s o l u t i o n volume 75 -100 m l . Then 20 -30 g o f s o l i d ammonium c h l o r i d e were 
added i n 5 g p o r t i o n s , w i t h v i g o r o u s s t i r r i n g , u n t i l no more s o l i d was 
o b s e r v e d t o d i s s o l v e r e a d i l y . The r e m a i n i n g s o l i d was d i s s o l v e d b y add­
i n g s m a l l amounts o f h o t w a t e r , and t h e s o l u t i o n volume was t h e n b r o u g h t 
t o a b o u t 150 ml w i t h a s a t u r a t e d ammonium c h l o r i d e s o l u t i o n . The s o l u ­
t i o n was c o o l e d t o room t e m p e r a t u r e , and t h e pH was a d j u s t e d t o b e t w e e n 
2 and 3 b y d r o p w i s e a d d i t i o n o f d i l u t e sodium h y d r o x i d e , w i t h v i g o r o u s 
s t i r r i n g t o m i n i m i z e t h e l o c a l p r e c i p i t a t i o n o f b i s m u t h s a l t s . The c e l l 
was p o s i t i o n e d i n t h e p h o t o t i t r a t o r , wh ich was t h e n a d j u s t e d t o i n d i c a t e 
a t r a n s m i t t a n c e o f 8 5 - 9 0 p e r c e n t , , F i n a l l y , 4 -5 d r o p s of i n d i c a t o r ' were 
added and t h e t i t r a t i o n was c a r r i e d o u t a t 508 mu i n t h e u s u a l manner , 
w i t h 0 . 0 1 - 0 . 1 F EDTA., 
R e s u l t s and D i s c u s s i o n 
The r e s u l t s o f s e v e r a l t i t r a t i o n s o f i r o n ( l l l ) , a l o n e and i n t h e 
p r e s e n c e of b i s m u t h and o t h e r m e t a l s , a r e p r e s e n t e d i n T a b l e 1 . U s i n g 
t h e p r o c e d u r e p r e s e n t e d above , s o l u t i o n s w i t h a m o l a r r a t i o o f B i : F e o f 
2 , 1 0 0 : 1 were t i t r a t e d , and showed t h e p r e c i s i o n and a c c u r a c y t o be e x ­
p e c t e d w i t h t h e a p p a r a t u s and t e c h n i q u e employed . When t h e r a t i o was 
i n c r e a s e d t o 3; 0 0 0 : 1 and s l i g h t l y above , a t e n d e n c y t o w a r d s i n c r e a s i n g 
p o s i t i v e e r r o r s was o b s e r v e d . I m p u r i t i e s o f i r o n o r o t h e r t i t r a t a b l e 
m e t a l s i n t h e b i s m u t h s a l t may be r e s p o n s i b l e f o r t h i s t r e n d , b u t i t i s 
more l i k e l y t h a t , a t t h i s h i g h r a t i o , some b i s m u t h i s a l s o t i t r a t e d . 
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Tab le 1 . R e p r e s e n t a t i v e R e s u l t s f o r t h e EBTA T i t r a t i o n 
o f I r o n ( i l l ) i n t h e P r e s e n c e of B i smuth and 
Some O t h e r M e t a l I o n s 
t a k e n , 
mg 
1.1*+ X l O " 1 F EBTA, ml M e t a l (M) 
added C a l c u l a t e d Found D i f f e r e n c e 
5-70 ' " O.89 O.89 0 . 0 0 
5 . 7 0 O.89 0 . 8 8 - 0 . 0 1 
5 . 7 0 O.89 O.89 0 . 0 0 B i 
5 . 7 0 O.89 O.87 - 0 . 0 2 Bi 
5 . 7 0 O.89 0 . 8 8 - 0 . 0 1 B i 
5 . 7 0 O.89 O.87 - 0 . 0 2 B i 
5 . 7 0 O.89 O.89 0 . 0 0 B i 
5 . 7 0 O.89 0 . 9 0 + 0 . 0 1 B i 
5 . 7 0 X 1 0 " 2 F EBTA, ml 
2 . 8 5 O.89 O.90 + 0 . 0 1 B i 









l.lh x 1 0 ~ 2 F EBTA, ml 
1 .14 1 .79 1-79 0 . 0 0 — 
1 .14 1-79 1 .79 0 . 0 0 B i 2100 
1 .14 1.79 1 .80 + 0 . 0 1 B i 2090 
1 .14 1 .79 1 .87 + 0 . 0 8 B i 3 i 4 o 
l.lh 1.79 1 .86 + 0 . 0 7 B i 3 i 4 o 
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T a b l e 1 . R e p r e s e n t a t i v e R e s u l t s f o r t h e EDTA T i t r a t i o n 
of I r o n ( l l l ) i n t h e P r e s e n c e of B i smuth and 
Some O t h e r M e t a l I o n s ( C o n c l u d e d ) 
Fe t a k e n , 
mg 
1 .00 X 
C a l c u l a t e d 
l o - 2 F 
Found 
EDTA, ml 
D i f f e r e n c e 
M e t a l (M) 
added 
Molar r a t i o 
M:Fe 
1 .23 2 . 2 0 2 . 2 0 0 00 B i 1570 
l.lk 2 . 0 5 2 . 0 8 +0 03 B i lk$o 
1.1k 2 . 0 5 2.1k +0 09 Al 9 
1.1k 2 . 0 5 2.1+7 +0 k2 Al 9 
l.lk 2 . 0 5 2.0k - 0 0 1 Zn 25 
1.1k 2 . 0 5 2.0k - 0 0 1 Ca 25 
l.lk 2 . 0 5 2.0k - 0 0 1 Pb 25 
l.lk 2 . 0 5 2 . 0 5 0 00 Pb 125 
l.lk 2 . 0 5 2 . 0 5 0 00 Co 50 
l.lk 2 . 0 5 2.0k - 0 0 1 Co 250 
l.lk 2 . 0 5 2 . 0 6 +0 0 1 H g ( l l ) 500 
l.lk 2 . 0 5 2 . 0 6 +0 0 1 I n l 
l.lk 2 . 0 5 2 . 0 6 +0 0 1 I n 10 
l.lk 2 . 0 5 2 . 0 5 0 00 Mn 125 
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The r a t e of f a d i n g of t h e c o l o r of t h e i r o n - s u l p h o s a l i c y l i c a c i d 
complex upon t h e a d d i t i o n o f an i n c r e m e n t of t i t r a n t s o l u t i o n d e c r e a s e s 
c o n s i d e r a b l y f o r B i : F e r a t i o s above 1 , 0 0 0 : 1 and i t becomes n e c e s s a r y t o 
w a i t f o u r t o f i v e m i n u t e s f o r t h e r e a c t i o n t o go t o v i r t u a l c o m p l e t i o n 
a f t e r e a c h a d d i t i o n o f t i t r a n t . However, b e c a u s e o n l y a few p o i n t s a r e 
r e q u i r e d f o r l o c a t i n g t h e end p o i n t g r a p h i c a l l y , t h i s d e l a y i s n o t t o o 
s e r i o u s . A r e a s o n a b l e e x p l a n a t i o n f o r t h e d e l a y e d r e a c t i o n may b e s u g ­
g e s t e d . As t h e EDTA i s added t o t h e s o l u t i o n c o n t a i n i n g such a h i g h con­
c e n t r a t i o n o f b i s m u t h , complex f o r m a t i o n f i r s t o c c u r s w i t h t h a t m e t a l ; 
t h e n t h e i r o n e x c h a n g e s w i t h t h e b i s m u t h , and t h i s exchange r e a c t i o n t a k e s 
p l a c e s l o w l y . 
A mole r a t i o , B i : F e , o f 3.> 0 0 0 : 1 i s e q u i v a l e n t t o a w e i g h t r a t i o o f 
a p p r o x i m a t e l y 1 1 , 2 0 0 : 1 . Thus t h e s i t u a t i o n i n t h e a r t i f i c i a l s o l u t i o n s 
p a r a l l e l s t h e d e t e r m i n a t i o n o f a b o u t 0 . 0 1 p e r c e n t o f Fe i n a b i s m u t h m e t a l 
sample o f which 12 g were t a k e n . The d e t e r m i n a t i o n s a t t h i s r a t i o were 
p r e c i s e t o a b o u t f o u r p e r c e n t r e l a t i v e . At t h e s e l e v e l s o f amounts and 
r a t i o s , t h e s u c c e s s o f a t i t r i m e t r i c d e t e r m i n a t i o n i s r a t h e r u n u s u a l . 
I t mus t , o f c o u r s e , b e c o n s i d e r e d t h a t i n an a c t u a l a n a l y s i s l e s s f a v o r ­
a b l e r e s u l t s may b e o b t a i n e d b e c a u s e o f t h e p r e s e n c e of i n t e r f e r i n g im­
p u r i t i e s . 
F o r t h e t i t r a t i o n o f i r o n a t t h e h i g h B i : F e r a t i o s , i t i s n e c e s s a r y 
t o o b t a i n t h e maximum amount of d i s s o l v e d c h l o r i d e . I n o r d e r t o i n c o r p o r ­
a t e a s much ammonium c h l o r i d e a s p o s s i b l e , i t i s h e l p f u l t o warm t h e s a t u ­
r a t e d ammonium c h l o r i d e s o l u t i o n i n c o n t a c t w i t h e x c e s s s o l i d s a l t , b e f o r e 
u s i n g i t t o r a i s e t h e volume o f t h e s o l u t i o n i n t h e t i t r a t i o n c e l l t o 150 
m i l l i l i t e r s . 
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P r e d i c t i o n s a b o u t e l e m e n t s t h a t may i n t e r f e r e w i t h t h e i r o n t i t r a ­
t i o n may be made c a u t i o u s l y from a c o m p a r i s o n of t h e s t a b i l i t y c o n s t a n t s 
and from knowledge of t h e s i t u a t i o n i n t h e a b s e n c e of e x t r e m e c h l o r i d e 
c o n c e n t r a t i o n s . Because i r o n ( l l l ) i s known t o form c h l o r o complexes , t h e 
e f f e c t i v e s t a b i l i t y c o n s t a n t of t h e i r o n ( I I I ) - E D T A complex may be l o w e r e d 
t o such an e x t e n t t h a t t h e m e t a l s which a r e o f no i n f l u e n c e u n d e r n o r m a l 
c o n d i t i o n s may i n t e r f e r e a t h i g h c h l o r i d e c o n c e n t r a t i o n s . S e v e r a l m e t a l s 
were added i n o r d e r t o s ee i f t h e r e was a n o t i c e a b l e e f f e c t on t h e p o s i ­
t i o n and q u a l i t y of t he end p o i n t . No e f f e c t s were o b s e r v e d w i t h c a l c i u m , 
magnesium, mercu ry , indium, l e a d , manganese , o r z i n c i n s o l u t i o n s c o n t a i n ­
i n g t h e r a t i o s of m e t a l : F e i n d i c a t e d i n Tab le 1 . No a t t e m p t was made t o 
e s t a b l i s h l i m i t i n g r a t i o s . C o b a l t s lowed t h e r a t e of r e a c t i o n c o n s i d e r ­
a b l y a t a r a t i o of 2 5 0 : 1 . N i c k e l and c o p p e r c o u l d o n l y be t o l e r a t e d i n 
c o n c e n t r a t i o n s up t o a b o u t t h a t of i r o n ( l l l ) . As e x p e c t e d , aluminum i n t e r ­
f e r e d and h i g h r e s u l t s were o b t a i n e d , i m p l y i n g t h a t t h i s m e t a l i s p a r ­
t i a l l y t i t r a t e d . Z i r c o n i u m and hafn ium were f u l l y t i t r a t e d u n d e r t h e s e 
c o n d i t i o n s . Gall ium ; , i n c o n t r a s t t o indium, was n o t c o m p l e t e l y masked 
by t h e c h l o r i d e and h i g h r e s u l t s f o r i r o n were o b t a i n e d a t a r a t i o Ga:Fe 
a s low a s o n e . T i t a n i u m s lowed t h e r e a c t i o n b e t w e e n i r o n and EDTA t o 
such an e x t e n t t h a t t h e t i t r a t i o n became i m p r a c t i c a b l e , even w i t h e q u a l 
c o n c e n t r a t i o n s o f t i t a n i u m and i r o n . 
The i n t e r f e r e n c e s t u d i e s r e p o r t e d a r e o n l y e x p l o r a t o r y i n n a t u r e , 
b e c a u s e t h e ma in c o n c e r n o f t h i s i n v e s t i g a t i o n was m a s k i n g of b i s m u t h and 
t h e d e t e r m i n a t i o n o f i r o n . The s t u d y of t h e a p p l i c a t i o n of low s t a b i l i t y 
m a s k i n g w i t h c h l o r i d e , and o f t h e e x c l u s i o n of some i n t e r f e r i n g m e t a l s b y 
a d d i t i o n of f u r t h e r m a s k i n g a g e n t s i s c o n t i n u e d i n t h e n e x t c h a p t e r w i t h 
t h e i n v e s t i g a t i o n of t h e m a s k i n g of ind ium b y c h l o r i d e . 
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CHAPTER V I I 
THE CHELOMETRIC TITRATION OF GALLIUM IN THE PRESENCE 
OF INDIUM AND OTHER METALS; CHLORIDE MASKING 
I n t r o d u c t i o n 
The c h e l o m e t r i c t i t r a t i o n of g a l l i u m i n t h e p r e s e n c e of ind ium i s 
n o t p o s s i b l e u n d e r no rma l c o n d i t i o n s s i n c e t h e s t a b i l i t y c o n s t a n t s of t h e 
r e s p e c t i v e c h e l o n complexes a r e of t h e same o r d e r o f m a g n i t u d e . Conse­
q u e n t l y , t h e two m e t a l s m u t u a l l y i n t e r f e r e i n t h e i r t i t r a t i o n , and a s e ­
p a r a t i o n was t h u s f a r n e c e s s a r y i n o r d e r t o d e t e r m i n e e i t h e r m e t a l i n t h e 
p r e s e n c e o f t h e o t h e r . T h i s s e p a r a t i o n p r o c e d u r e i s o f t e n d i f f i c u l t and 
t i m e consuming . I n t h e i n v e s t i g a t i o n d e s c r i b e d i n C h a p t e r VI, i t was 
found t h a t d u r i n g t h e ' t i t r a t i o n of i r o n ( l l l ) i n a s o l u t i o n c o n t a i n i n g 
h i g h c o n c e n t r a t i o n s o f c h l o r i d e i o n ind ium c o u l d be t o l e r a t e d i n c o n s i d e r ­
a b l y h i g h e r amounts t h a n g a l l i u m . T h i s f a c t i n d i c a t e d t h a t i nd ium u n d e r 
t h e s e c o n d i t i o n s i s masked t o a c e r t a i n e x t e n t a s t h e c h l o r o complex t o ­
wards r e a c t i o n w i t h t h e i n d i c a t o r X y l e n o l Grange a s w e l l a s t o w a r d s EDTA. 
P r e v e n t i o n of t h e r e a c t i o n b e t w e e n ind ium and t h e i n d i c a t o r h a s a l s o b e e n 
r e p o r t e d by D a n i l o v a ( + 3 ) . A c o n c e n t r a t i o n o f o n l y one p e r c e n t i n sodium 
c h l o r i d e i s r e q u i r e d t o p r e v e n t t h e f o r m a t i o n of t h e c o l o r e d i n d i u m - X y l e n o l 
©range complex . A l l t h e s e f i n d i n g s s t r o n g l y i n d i c a t e d t h e p o s s i b i l i t y 
t h a t a " low s t a b i l i t y m a s k i n g " of ind ium b y c h l o r i d e c o u l d b e p e r f o r m e d 
i n o r d e r t o a v o i d i n t e r f e r e n c e w i t h t h e c h e l o m e t r i c t i t r a t i o n of g a l l i u m . 
P r e l i m i n a r y e x p e r i m e n t s showed t h a t t h e g a l l i u m - X y l e n o l Orange com-
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p l e x i s n o t a f f e c t e d "by c h l o r i d e . U n f o r t u n a t e l y , a t room t e m p e r a t u r e t h i s 
complex does n o t r e a c t r a p i d l y w i t h EBTA a s was a l r e a d y r e p o r t e d b y K i n -
nunen ( 4 4 ) . I n b o i l i n g s o l u t i o n , however , t h e r e a c t i o n was speeded con­
s i d e r a b l y , and t h e r a t e was s u f f i c i e n t t o p e r m i t a v i s u a l end p o i n t d e t e c ­
t i o n . S e v e r a l o t h e r i n d i c a t o r s have b e e n i n v e s t i g a t e d ( f o r a s e l e c t i o n 
o f t h e s e s e e Schwarzenbach and F l a s c h k a ( l O ) ) b u t none was found s u p e r i o r 
t o X y l e n o l O r a n g e . 
R e a g e n t s 
A l l s o l u t i o n s were p r e p a r e d and s t a n d a r d i z e d a s d e s c r i b e d i n Chap­
t e r V. B e i o n i z e d w a t e r was u s e d e x c l u s i v e l y . 
P r o c e d u r e f o r t h e T i t r a t i o n o f G a l l i u m 
I n a 250 ml b e a k e r , p l a c e 25 g o f ammonium c h l o r i d e , add t h e a p p r o ­
p r i a t e amount of sample s o l u t i o n , and d i l u t e w i t h w a t e r t o a t o t a l volume 
o f a b o u t 100 m l . S t i r u n t i l a l l t h e ammonium c h l o r i d e i s d i s s o l v e d and 
a d j u s t t h e pH t o 1 - 3 - 1 - 4 w i t h 1 :1 h y d r o c h l o r i c a c i d . P l a c e t h e b e a k e r 
on a h o t p l a t e , i n s e r t t h e s t i r r e r and r a i s e t h e t e m p e r a t u r e a l m o s t t o t h e 
b o i l i n g p o i n t . Add 6 - 8 d r o p s o f t h e i n d i c a t o r s o l u t i o n and t i t r a t e w i t h 
0 . 0 1 t o 0 . 0 0 1 F EBTA t o a c o l o r change from r e d t o p u r e y e l l o w . Near t h e 
end p o i n t , w a i t 2 0 - 3 0 s e c o n d s b e f o r e t h e n e x t i n c r e m e n t of t i t r a n t i s added 
b e c a u s e t h e i n d i c a t o r r e a c t i o n i s s l o w . 
One s h o u l d b e aware of t h e f a c t t h a t u n d e r t h e c o n d i t i o n s p r e v a i l ­
i n g t h e v a l u e o f t h e f i g u r e s f o r t h e pH i s p r o b l e m a t i c . I t would be more 
a p p r o p r i a t e t o s a y " i n s e r t the^ g l a s s and r e f e r e n c e e l e c t r o d e s and a d j u s t 
t h e s o l u t i o n w i t h 1 :1 h y d r o c h l o r i c a c i d u n t i l t h e pH m e t e r r e a d s 1 . 3 - 1 - 4 . " 
F o r t h e sake of b r e v i t y , t h e above p h r a s i n g i s a l l o w e d t o s t a n d , b u t 
s h o u l d , h e r e a s w e l l a s a t o t h e r p l a c e s i n t h i s c h a p t e r , be t a k e n w i t h 
t h e r e s t r i c t i o n m e n t i o n e d . 
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R e s u l t s and D i s c u s s i o n 
The r e s u l t s o f s e v e r a l t i t r a t i o n s of g a l l i u m a l o n e and i n t h e p r e ­
s e n c e o f o t h e r m e t a l s a r e p r e s e n t e d i n T a b l e 2 . U s i n g t h e p r o c e d u r e g i v e n , 
s o l u t i o n s w i t h a m o l a r r a t i o of I n : G a of up t o 300 were t i t r a t e d and showed 
t h e p r e c i s i o n and a c c u r a c y t o he e x p e c t e d w i t h t h e t e c h n i q u e employed . A 
s l i g h t t e n d e n c y t o w a r d s p o s i t i v e e r r o r s i n t h e r e s u l t s f o r g a l l i u m i s o b ­
s e r v e d w i t h h i g h I n : G a r a t i o s p a r t i c u l a r l y when i t was n e c e s s a r y t o i n ­
c r e a s e t h e s o l u t i o n vo lume . The a s s u m p t i o n t h a t some ind ium i s c o t i t r a t e d 
would be a p l a u s i b l e e x p l a n a t i o n f o r t h i s f a c t , b u t we a r e more i n c l i n e d 
t o b e l i e v e t h a t t i t r a t a b l e i m p u r i t i e s i n t h e ind ium s o l u t i o n and p a r t i c u ­
l a r l y i n t h e ammonium c h l o r i d e a r e r e s p o n s i b l e f o r t h e s e p o s i t i v e e r r o r s . 
The f a c t t h a t t h e s e e r r o r s a r e c o n s i d e r a b l y r e d u c e d i f a s c o r b i c a c i d i s 
added s u p p o r t s t h i s a s s u m p t i o n , As w i l l b e shown l a t e r , t h i s r e a g e n t p r e ­
v e n t s i r o n ( l l l ) and c o p p e r ( I I ) from b e i n g c o t i t r a t e d . 
A c o n c e n t r a t i o n of ammonium c h l o r i d e of 25 g p e r 100 ml was found 
t o be optimum. At a l o w e r ammonium c h l o r i d e c o n c e n t r a t i o n , t h e amount of 
i nd ium which c o u l d b e t o l e r a t e d became s m a l l e r and a t h i g h e r c o n c e n t r a t i o n 
low r e s u l t s f o r g a l l i u m were o b t a i n e d . 
The c o n c e n t r a t i o n of ammonium c h l o r i d e r e q u i r e d f o r t h e e f f e c t i v e 
m a s k i n g of ind ium was found t o be d e p e n d e n t on t h e ind ium c o n c e n t r a t i o n 
r a t h e r t h a n t h e I n : G a r a t i o . An amount o f 25 g of ammonium c h l o r i d e was 
found t o mask up t o s h o u t iho mg of ind ium p e r 100 ml of s o l u t i o n . L a r g e r 
amounts o f ind ium have b e e n masked b y i n c r e a s i n g t h e volume o f t h e s o l u t i o n 
w h i l e k e e p i n g t h e ammonium c h l o r i d e c o n c e n t r a t i o n c o n s t a n t . 
With i n c r e a s i n g amounts o f i nd ium p r e s e n t , t h e r a t e of t h e c o l o r 
change a t t h e end p o i n t was d e c r e a s e d c o n s i d e r a b l y . However, t h e c o l o r 
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Tab l e 2 . R e p r e s e n t a t i v e R e s u l t s f o r t h e EBTA T i t r a t i o n of G a l l i u m 
Alone and i n t h e P r e s e n c e of Ind ium 
Given 1 .00 x 10" ; - F EBTA, ml gNH^Cl p e r 
100 ml 
M e t a l Mole 
R a t i o 
M: Ga mg Ga found c a l c . d i f f . added 
4 . 2 8 6 . 0 8 6 . 0 9 - 0 . 0 1 _ _ 
4 . 2 8 6 . 0 9 6 . 0 9 0 . 0 0 - - - -
4 . 2 8 6 . 0 9 6 . 0 9 0 . 0 0 x 
4 . 2 8 6 . 0 8 6 . 0 9 - 0 . 0 1 
6 . 4 i 9 - 1 3 9 -12 + 0 . 0 1 I n 16 
3 -42 4 . 8 8 4 . 8 7 +O.OI > 25 I n 30 
5 -13 7 - 3 3 7 -30 + 0 . 0 3 I n 4o 
3-85 5 . 5 0 5 . 4 8 + 0 . 0 2 In 54 
3 -42 4 . 9 1 
5 . 0 0 X 10 ' 
4 . 8 7 
'
3
 F EBTA, ml 
+ o . o 4 ' ) I n 60 
2 . 1 4 6 . 0 8 6 . 0 9 - 0 . 0 1 N I n 48 
1-71 4 . 8 9 4 . 8 7 + 0 . 0 2 I n 60 
2 . 5 6 7 -30 7 . 3 0 0 . 0 0 ) 25 I n 80 
2 . i 4 6 . 0 9 6 . 0 9 0 . 0 0 In 96 
1 . 7 1 4 . 9 0 
1 .00 X 10" 
4 . 8 7 
3
 F EBTA, ml 
+ 0 . 0 3 J I n 120 
O.470 6 . 7 3 6 . 6 9 + 0 . 0 4 ^ I n 220 
0 . 4 2 8 6 . 0 9 6 . 0 9 0 . 0 0 I n 240 
0 . 3 8 5 5 . 5 1 5 . 4 8 + 0 . 0 3 > 25 I n 270 
0 . 3 4 2 4 . 8 7 4 . 8 7 0 . 0 0 I n 300 
0 . 4 2 8 6 . 0 8 6 . 0 9 - 0 . 0 1 
J 
I n 300 
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T a b l e 2 . T i t r a t i o n o f G a l l i u m i n t h e P r e s e n c e of Some O t h e r 
M e t a l I o n s (Conc luded ) 
Given 1 .00 x 1 0 - 2 F EDTA, ml M e t a l Mole R a t i o 
mg Ga found c a l c . d i f f . added M e t a l : G a 
4 . 2 8 6 . 0 8 6 . 0 9 - 0 . 0 1 Ag 20 
4 . 2 8 6 . 0 8 6 . 0 9 - 0 . 0 1 B i 10 
4 . 2 8 6 . 0 8 6.O9 - 0 . 0 1 Ca 20 
3 -42 4 . 8 9 4 . 8 7 + 0 . 0 2 Cd 12 
4 . 2 8 6 . 0 7 6 . 0 9 - 0 . 0 2 Cd 4 0 a 
3 . 4 2 4 . 8 9 4 . 8 7 + 0 . 0 2 Co 2 
4 . 2 8 6 . 0 9 6.O9 0 . 0 0 C r I I I 1 
4 . 2 8 6 . 0 7 6 . 0 9 - 0 . 0 2 Cu 20° 
4 . 2 8 6 . 0 5 6 . 0 9 - 0 . 0 4 Cu kd° 
4 . 2 8 6 . 0 9 6 . 0 9 0 . 0 0 Hg 20 
4 . 2 8 6 . 0 7 6 . 0 9 - 0 . 0 2 Fe 2 0 b 
4 . 2 8 6 . 0 9 6 . 0 9 0 . 0 0 Fe 4 o b 
4 . 2 8 6 . 0 8 6 . 0 9 - 0 . 0 1 Fe 2 0 0 b 
4 . 2 8 6 . 0 9 6 . 0 9 0 . 0 0 Mg 20 
4 . 2 8 6 . 0 8 60 09 - 0 . 0 1 Mn 20 
3 . 4 2 4 . 8 7 4 . 8 7 0 . 0 0 Ni 2 
4 . 2 8 6 . 0 9 6 ,,09 0 . 0 0 Pb 20 
4 . 2 8 6 . 0 8 6 . 0 9 - 0 . 0 1 . T l 20 
4 . 2 8 6 . 0 9 6.. 09 0 . 0 0 Zn 10 
4 . 2 8 6 . 0 7 6 . 0 9 - 0 . 0 2 Zn 4 o a 
P o t a s s i u m i o d i d e added . 
' A s c o r b i c a c i d a d d e d . 
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change was s u f f i c i e n t l y r a p i d w i t h ind ium c o n c e n t r a t i o n of up t o lk-0 mg 
p e r 100 ml t o a l l o w t h e t i t r a t i o n t o he p e r f o r m e d e a s i l y . I t was p o s s i b l e 
t o c a r r y o u t t h e t i t r a t i o n a t c o n s i d e r a b l y h i g h e r ind ium c o n c e n t r a t i o n s ; 
however , n e a r t h e end p o i n t i t t h e n became n e c e s s a r y t o w a i t s e v e r a l m in ­
u t e s a f t e r e a c h a d d i t i o n of t i t r a n t . I n a d d i t i o n , a s l i g h t e x c e s s o f EDTA 
had t o be added i n o r d e r t o e s t a b l i s h t h e p u r e y e l l o w c o l o r of t h e f r e e 
i n d i c a t o r . A p l a u s i b l e e x p l a n a t i o n of t h i s e x t r e m e r e t a r d a t i o n of t h e 
v c o l o r change i s a s f o l l o w s . S l i g h t l y b e f o r e t h e end p o i n t , t h e s o l u t i o n 
c o n t a i n s g a l l i u m a s t h e X y l e n o l Orange complex and a r a t h e r l a r g e amount 
o f i n d i u m . Upon t h e a d d i t i o n o f t h e t i t r a n t s o l u t i o n , t h e EDTA a t f i r s t 
complexes w i t h t h e indium, and t h e indium-EDTA complex t h e n r e a c t s a t a 
v e r y low r a t e w i t h t h e ga l l ium. X y l e n o l Orange complex . I n o r d e r t o f i n d 
t h e optimum pH f o r t h e t i t r a t i o n of g a l l i u m , s t u d i e s were made on t h e 
r a t e a t which t h e r e d c o l o r of t h e g a l l i u m X y l e n o l Orange d i s a p p e a r e d upon 
t h e a d d i t i o n of an e x c e s s of EDTA. I t was found t h a t a pH of 2 o r h i g h e r 
t h e c o l o r d i s a p p e a r e d so s l o w l y t h a t a t i t r a t i o n became i m p o s s i b l e . At a 
pH b e l o w 2, t h e c o l o r change was much more r a p i d ; however , when a t t e m p t s 
were made t o p e r f o r m t h e t i t r a t i o n a t a pH of 1 o r be low, t h e end p o i n t 
was l e s s s h a r p and low r e s u l t s f o r g a l l i u m were o b t a i n e d . T h i s i s p r o b ­
a b l y due t o t h e weaken ing o f t h e g a l l i u m - X y l e n o l ©range complex . A pH of 
1 . 3 - 1 - 4 was found t o b e optimum. At t h i s pH v a l u e , t h e end p o i n t was s h a r p 
and t h e t h e o r e t i c a l amount o f EDTA was r e q u i r e d f o r t h e t i t r a t i o n of g a l l i u m . 
O r d i n a r i l y , p r e d i c t i o n s a s t o p o s s i b l y i n t e r f e r i n g i o n s i n a c h e l o ­
m e t r i c t i t r a t i o n may be made b y e x a m i n i n g t h e s t a b i l i t y c o n s t a n t s of t h e 
m e t a l s i n v o l v e d . However, i n t h e p r e s e n c e o f such h i g h c o n c e n t r a t i o n s of 
ammonium c h l o r i d e such p r e d i c t i o n s a r e t o be made w i t h e x t r e m e c a u t i o n . 
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The e v a l u a t i o n h a s t o he b a s e d on t h e u s e o f e f f e c t i v e s t a b i l i t y c o n s t a n t s , 
which , f o r t h e p r e v a i l i n g c o n d i t i o n s , a r e d i f f i c u l t t o c a l c u l a t e , s i n c e 
t h e i n f l u e n c e of c h l o r o complex f o r m a t i o n a s w e l l a s i o n i c s t r e n g t h e f f e c t s 
have t o b e c o n s i d e r e d . I n many i n s t a n c e s t h e e x p e c t a t i o n s drawn from 
t h e o r e t i c a l c o n s i d e r a t i o n s and from p r e v i o u s e x p e r i m e n t a l e x p e r i e n c e were 
v e r i f i e d when p e r f o r m i n g g a l l i u m d e t e r m i n a t i o n s i n t h e p r e s e n c e of o t h e r 
m e t a l i o n s . 
No e f f e c t was o b s e r v e d w i t h b i s m u t h , c a l c i u m , m e r c u r y ( l l ) , magne­
sium, manganese , s i l v e r , t h a l l i u m , and l e a d i n s o l u t i o n s c o n t a i n i n g t h e 
m e t a l : g a l l i u m r a t i o s i n d i c a t e d i n T a b l e , 2 . No i n t e r f e r e n c e was o b s e r v e d 
w i t h cadmium o r z i n c a t mole r a t i o s Cd(Zn):Ga up t o 1 0 ; however , a t h i g h e r 
r a t i o s t h e c o l o r change a t t h e end p o i n t was s lowed c o n s i d e r a b l y . The ad ­
d i t i o n of a minimum of 10 g of p o t a s s i u m i o d i d e p e r 100 ml of s o l u t i o n 
a l l o w e d t h e t i t r a t i o n t o be c a r r i e d o u t a t t h e n o r m a l r a t e . I r o n ( l l l ) 
b o t h b l o c k e d t h e i n d i c a t o r and was c o t i t r a t e d w i t h t h e g a l l i u m . I f t h e 
i r o n ( l l l ) was r e d u c e d t o i r o n ( I I ) by t h e a d d i t i o n o f a s c o r b i c a c i d , no 
i n t e r f e r e n c e was o b s e r v e d . C o p p e r ( I I ) , i n t e r f e r e d b u t on r e d u c t i o n t o cop -
p e r ( l ) w i t h a s c o r b i c a c i d t h e i n t e r f e r e n c e was removed. N i c k e l and c o b a l t 
i n t e r f e r e a t m o l a r r a t i o s g r e a t e r t h a n a b o u t 2, due m a i n l y t o t h e i n t e n s e 
c o l o r p r o d u c e d b y t h e s e m e t a l s i n t h e s o l u t i o n . S u l f a t e i o n was found t o 
c a u s e a c o n s i d e r a b l e d e c r e a s e i n t h e r a t e of t h e c o l o r change a t t h e end 
p o i n t and c o u l d b e t o l e r a t e d o n l y i n s m a l l amoun t s . Z i r c o n i u m and hafn ium 
were c o t i t r a t e d . Thorium i s a l s o c o t i t r a t e d . U n f o r t u n a t e l y , t h e m a s k i n g 
of t h o r i u m by s u l f a t e c a n n o t b e a p p l i e d , b e c a u s e t h e amount of s u l f a t e 
n e c e s s a r y f o r an e f f e c t i v e m a s k i n g i s f a r above t h e l i m i t t o l e r a b l e f o r 
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t h e g a l l i u m t i t r a t i o n a s m e n t i o n e d a b o v e . Aluminum i n t e r f e r e s even i n 
s m a l l amounts , and no p o s s i b i l i t y of m a s k i n g i t c o u l d be found a l t h o u g h 
c o n s i d e r a b l e e f f o r t was s p e n t i n t h i s d i r e c t i o n . A s e p a r a t i o n i s n e c e s ­
s a r y , and f o r t u n a t e l y can be p e r f o r m e d i n a r e l a t i v e l y s i m p l e f a s h i o n a s 
was r e p o r t e d by Brooks and L loyd ( + 5 ) . G a l l i u m can be e x t r a c t e d a s i t s 
c h l o r o complex from s o l u t i o n s 'JF i n h y d r o c h l o r i c a c i d i n t o i s o p r o p y l e t h e r . 
Aluminum u n d e r t h e s e c o n d i t i o n s i s n o t e x t r a c t e d , b u t a b o u t f i v e p e r c e n t 
of any ind ium p r e s e n t goes i n t o t h e o r g a n i c l a y e r . Thus, a c o m b i n a t i o n ' 
o f t h e e x t r a c t i o n w i t h t h e t i t r a t i o n p r o c e d u r e p r o p o s e d h e r e o f f e r s a 
c o n v e n i e n t p o s s i b i l i t y t o d e t e r m i n e g a l l i u m i n t h e p r e s e n c e of aluminum 
and ind ium and p o s s i b l y o t h e r m e t a l s . The e x t r a c t i o n may a l s o s e r v e w e l l 
i n c a s e s where g a l l i u m i s t o be d e t e r m i n e d i n t h e p r e s e n c e o f amounts o f 
ind ium which c a n n o t be masked by c h l o r i d e d u r i n g t h e t i t r a t i o n . ' The e x ­
t r a c t i o n a c h i e v e s an e n r i c h m e n t o f t h e g a l l i u m , and a r a t i o of i n d i u m : 
g a l l i u m p r e v a i l s i n t h e e x t r a c t wh ich p e r m i t s s u c c e s s f u l a p p l i c a t i o n of 
t h e c h l o r i d e m a s k i n g f o r i n d i u m . 
P r o c e d u r e f o r t h e E x t r a c t i o n of G a l l i u m 
P l a c e t h e sample i n a 150 ml s e p a r a t o r y f u n n e l and add 29 ml o f con­
c e n t r a t e d h y d r o c h l o r i c a c i d t o make t h e s o l u t i o n 7 E when d i l u t e d w i t h 
w a t e r t o a f i n a l volume of a b o u t 50 m l . E x t r a c t t h i s s o l u t i o n w i t h t h r e e 
20 ml p o r t i o n s of i s o p r o p y l e t h e r . I f aluminum i s p r e s e n t , wash e a c h e t h e r 
e x t r a c t w i t h a 10 ml p o r t i o n of 7 F h y d r o c h l o r i c a c i d t o remove any a l u m i ­
num i n c l u d e d i n t h e e x t r a c t and combine t h e aqueous p h a s e w i t h t h e o r i g i n a l 
s o l u t i o n b e f o r e making a n o t h e r e x t r a c t i o n . E v a p o r a t e t h e combined e t h e r 
e x t r a c t t o d r y n e s s , r e d i s s o l v e t h e r e s i d u e , and t r e a t a s i n t h e t i t r a t i o n 
p r o c e d u r e d e s c r i b e d a b o v e . 
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CHAPTER V I I I 
THE PHOTOMETRIC DETERMINATION OF TRACES OF COBALT IN NICKEL; 
PARTIAL MASKING WITH EDTA 
I n t r o d u c t i o n 
S e v e r a l p h o t o m e t r i c me thods f o r t h e d e t e r m i n a t i o n of c o b a l t i n 
n i c k e l have b e e n p r o p o s e d ( 4 6 , 4 7 ) ; however , t h e s e me thods a r e somewhat 
i n s e n s i t i v e due t o t h e i r l i m i t a t i o n s i n sample s i z e . A m o d i f i c a t i o n (48 ) 
of t h e d i r e c t p h o t o m e t r i c method f o r t h e d e t e r m i n a t i o n of t r a c e s of c o ­
b a l t u s i n g n i t r o s o - R (46) h a s b e e n r e p o r t e d . T h i s method i n v o l v e s t h e 
s e p a r a t i o n of n i c k e l p r i o r t o t h e p h o t o m e t r i c d e t e r m i n a t i o n b y t h e con­
v e r s i o n o f c o b a l t t o a s o l u b l e C o ( l I l ) - a m i n e complex and t h e s u b s e q u e n t 
p r e c i p i t a t i o n o f n i c k e l a s i t s h e x a m m i n o p e r c h l o r a t e . T h i s method, a l ­
t h o u g h s e n s i t i v e , r e q u i r e s c o n s i d e r a b l e sample m a n i p u l a t i o n and may be 
s u b j e c t t o l o s s e s due t o c o p r e c i p i t a t i o n phenomena. Thus, i t was of i n ­
t e r e s t t o i n v e s t i g a t e a method which would r e q u i r e no p r e s e p a r a t i o n o f 
n i c k e l and would n o t be l i m i t e d a s t o sample s i z e . 
- E x p e r i m e n t a l 
I t h a s b e e n known f o r some t i m e t h a t upon t h e a d d i t i o n o f PAN t o a 
s l i g h t l y a c i d i c , 50 p e r c e n t e t h a n o l - w a t e r s o l u t i o n of c o b a l t t h e i n i t i a l 
r e d c o l o r of t h e s o l u t i o n i s r a p i d l y c o n v e r t e d t o g r e e n . T r e a t m e n t o f 
t h i s s o l u t i o n w i t h c o n c e n t r a t e d h y d r o c h l o r i c a c i d does n o t d e s t r o y t h e 
g r e e n c o l o r , w h e r e a s , t r e a t m e n t w i t h r e d u c i n g r e a g e n t s such a s a s c o r b i c 
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a c i d removes t h e c o l o r s l o w l y . A l so , t h i s g r e e n c o l o r d o e s n o t form i n 
s o l u t i o n s which have b e e n d e a e r a t e d b y b u b b l i n g w i t h n i t r o g e n p r i o r t o 
t h e a d d i t i o n of PAN. Thus i t can be c o n c l u d e d t h a t t h e r e d Co( l l ) -PAN 
complex i n i t i a l l y formed i s o x i d i z e d b y d i s s o l v e d oxygen i n t h e s o l u t i o n 
t o form a v e r y s t a h l e g r e e n C o ( i l l ) - P A N complex. F u r t h e r i n v e s t i g a t i o n 
r e v e a l e d t h a t i n t h e p r e s e n c e of e x c e s s PAN t h i s g r e e n c o l o r e d complex i s 
r e p r o d u c i b l y formed,, and, a f t e r e x t r a c t i o n of t h e complex i n t o c h l o r o f o r m 
and d i l u t i o n t o a known volume, a p l o t o f t h e a b s o r b a n c e a t 625 mu v e r s u s 
c o n c e n t r a t i o n f o r s o l u t i o n s c o n t a i n i n g v a r i o u s amounts o f c o b a l t g i v e s a 
l i n e a r c a l i b r a t i o n cu rve a s i s shown i n F i g u r e 1 1 . 
S i n c e n i c k e l does n o t r e a c t i n a s i m i l a r manner , i t was t h o u g h t 
t h a t t h i s phenomenon m i g h t r e s u l t i n a s i m p l e method f o r t h e r a p i d d e t e r ­
m i n a t i o n of c o b a l t i n t h e p r e s e n c e of n i c k e l . T h i s method would c o n s i s t 
of t h e t r e a t m e n t of EL 50 p e r c e n t e t h a n o l - w a t e r s o l u t i o n of n i c k e l and c o ­
b a l t w i t h e x c e s s PAN, a i r o x i d a t i o n of t h e coba l t -PAN complex, a c i d i f i c a ­
t i o n of t h e s o l u t i o n t o d e s t r o y t h e r e d n i cke l -PAN complex, e x t r a c t i o n of 
t h e Co.( l I l ) -PAN and e x c e s s PAN i n t o c h l o r o f o r m , and t h e measurement of t h e 
a b s o r b a n c e of t h e r e s u l t a n t s o l u t i o n . However, on s u b s e q u e n t i n v e s t i g a ­
t i o n i t was found t h a t t h i s p r o c e d u r e was o n l y s a t i s f a c t o r y f o r a r a p i d 
d e t e r m i n a t i o n i f t h e e q u i v a l e n t amount o f PAN u s e d was c o n s i d e r a b l y i n 
e x c e s s o f t h e sum of t h e e q u i v a l e n t amounts of n i c k e l and c o b a l t p r e s e n t 
i n t h e s o l u t i o n . I f an e q u i v a l e n t amount of PAN i n e x c e s s of t h a t o f c o ­
b a l t , b u t l e s s t h a n t h a t o f n i c k e l was added, i n c o m p l e t e f o r m a t i o n o f t h e 
g r e e n C o ( i l l ) - P A N was o b s e r v e d . Thus, f o r a r a p i d d e t e r m i n a t i o n , t h e 
t o t a l amount of sample t a k e n was l i m i t e d , and t h e maximum m o l a r r a t i o 
Ni :Co which c o u l d b e h a n d l e d was a b o u t 1 0 : 1 . 
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F i g u r e 1 1 . P h o t o m e t r i c C a l i b r a t i o n Curve f o r C o ( i l l ) - P A N 
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On s u b s e q u e n t i n v e s t i g a t i o n of t h e r a t e of f o r m a t i o n of t h e C o ( l l l ) -
PAN complex i n s o l u t i o n s c o n t a i n i n g v a r i o u s e q u i v a l e n t amounts o f n i c k e l 
i n e x c e s s of t h a t of t h e added PAN, i t was found t h a t c o b a l t was c o m p l e t e l y 
c o n v e r t e d t o g r e e n P M complex i n a b o u t an h o u r when t h e m o l a r r a t i o of 
Ni:PAN was 5*1 o r l e s s , and t h e s o l u t i o n was b u b b l e d w i t h a i r o r oxygen . 
F o r h i g h e r r a t i o s , a l o n g e r t i n e was r e q u i r e d . A l t h o u g h a m o d e r a t e im­
p rovemen t i n t h e maximum m o l a r r a t i o Ni:Co ( a b o u t 2 0 0 : l ) which c o u l d be 
h a n d l e d was o b s e r v e d , t h e r e s u l t s o b t a i n e d were n o t c o n s i d e r e d good enough 
t o be u s e d a s t h e b a s i s f o r an a n a l y t i c a l me thod . 
I n o r d e r t o e x t e n d t h e r a n g e of t h e method t o h i g h e r Ni :Co r a t i o s , 
s e v e r a l m a s k i n g s t u d i e s w i t h c o n v e n t i o n a l m a s k i n g r e a g e n t s were u n d e r t a k e n 
w i t h n e g a t i v e r e s u l t s . EDTA was c o n s i d e r e d f o r u s e a s a " p a r t i a l m a s k i n g " 
r e a g e n t a f t e r i t was n o t e d t h a t t h e s t a b i l i t y c o n s t a n t of t h e n icke l -EDTA 
complex was more t h a n two o r d e r s of m a g n i t u d e g r e a t e r t h a n t h a t of t h e c o r ­
r e s p o n d i n g c o b a l t complex ( l o g = 1 8 - 6 , 1 ° S K r j 0 y = - L ^ , 3 ) * T h i s d i f f e r ­
e n c e i n s t a b i l i t y i s n o t l a r g e enough t o p e r m i t t h e t i t r a t i o n of n i c k e l 
w i t h EDTA i n t h e p r e s e n c e of c o b a l t . However, i t was t h o u g h t t o be l a r g e 
enough t o a l l o w c o b a l t t o r e m a i n e s s e n t i a l l y uncomplexed a f t e r t h e a d d i t i o n 
of a f r a c t i o n of t h e EDTA e q u i v a l e n t t o t h e amount of n i c k e l p r e s e n t . Un­
d e r such c o n d i t i o n s , n i c k e l would o n l y be " p a r t i a l l y masked" a s t h e EDTA 
complex, s i n c e some of t h e n i c k e l would r e m a i n uncomplexed . T h i s " f r e e " 
o r uncomplexed n i c k e l would h e l p t o p r e v e n t t h e r e a c t i o n o f c o b a l t w i t h 
EDTA. 
S t u d i e s of t h e r a t e of f o r m a t i o n of t h e g r e e n C o ( l I l ) - P A N complex 
were c a r r i e d o u t f o r s o l u t i o n s c o n t a i n i n g n i c k e l and c o b a l t i n v a r i o u s 
m o l a r r a t i o s and t o which was added 5O-98 p e r c e n t of t h e amount of EDTA 
e q u i v a l e n t t o t h e n i c k e l . The r e s u l t s o b t a i n e d were q u i t e s i m i l a r t o t h o s e 
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d i s c u s s e d a b o v e . As t h e m o l a r r a t i o of t h e " f r e e n i c k e l " t o c o b a l t i n ­
c r e a s e d , t h e r a t e of f o r m a t i o n o f t h e C o ( l I l ) - P A N complex d e c r e a s e d . How­
e v e r , t h e maximum m o l a r r a t i o of Ni :Co "which c o u l d b e h a n d l e d was e x t e n d e d 
c o n s i d e r a b l y . As a r u l e i t was d e c i d e d t o l i m i t t h e amount of n i c k e l i n 
e x c e s s of t h e added EBTA such t h a t t h e r a t i o " f r e e Ni" :Co was 2 0 0 : 1 o r 
l o w e r ; t h u s s e t t i n g t h e t i m e r e q u i r e d f o r t h e c o m p l e t e f o r m a t i o n o f t h e 
C o ( i l l ) - P A N complex t o a b o u t one h o u r . T h i s " p a r t i a l m a s k i n g " t e c h n i q u e 
was found t o p e r m i t i n a r e l a t i v e l y s i m p l e manner t h e d e t e r m i n a t i o n of c o ­
b a l t a t m o l a r r a t i o s Ni :Co a s high, a s 2 0 , 0 0 0 : 1 . 
R e a g e n t s 
The r e a g e n t s u s e d were p r e p a r e d a c c o r d i n g t o t h e p r o c e d u r e d e s c r i b e d 
i n C h a p t e r V. 
A p p a r a t u s 
A l l a b s o r b a n c e m e a s u r e m e n t s were made on t h e Bausch and Lomb Spec -
t r o n i c 505 r e c o r d i n g s p e c t r o p h o t o m e t e r . S e p a r a t o r y f u n n e l s and o t h e r 
g l a s s w a r e were u s e d a s r e q u i r e d . 
P r o c e d u r e 
B i s s o l v e t h e n i c k e l sample i n a minimum amount of 1 :1 n i t r i c a c i d 
and d i l u t e t o a known volume such t h a t t h e a l i q u o t p o r t i o n t a k e n f o r a n a l y ­
s i s w i l l c o n t a i n from 20 t o 300 ug of c o b a l t . B e t e r m i n e t h e volume of 
EBTA r e q u i r e d b y t i t r a t i n g one o r two s m a l l a l i q u o t s o f t h i s s o l u t i o n w i t h 
EBTA i n an ammonia-ammonium c h l o r i d e b u f f e r pH 10 medium u s i n g m u r e x i d e 
a s i n d i c a t o r . Add 9 0 - 9 8 p e r c e n t of t h e volume o f EBTA c a l c u l a t e d from 
t h e s e d a t a t o t h e p o r t i o n t o be a n a l y z e d and a d j u s t t h e volume of t h e r e ­
s u l t a n t s o l u t i o n w i t h 96 p e r c e n t e t h a n o l u n t i l a 50 -60 p e r c e n t e t h a n o l -
w a t e r s o l u t i o n r e s u l t s . A d j u s t t h e pH of t h i s s o l u t i o n t o 2 . 0 - 2 . 5 by t h e 
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d r o p w i s e a d d i t i o n o f 1 :1 HCl o r c o n c e n t r a t e d NH^OH a s r e q u i r e d . Add 5 -
10 ml of PAN i n d i c a t o r s o l u t i o n and a e r a t e f o r a minimum of one h o u r e i t h e r 
h y b u b b l i n g w i t h a i r o r oxygen, o r b y s h a k i n g f r e q u e n t l y i n a s e p a r a t o r y 
f u n n e l . A f t e r t h e c o l o r h a s b e e n d e v e l o p e d , add a c o n s i d e r a b l e q u a n t i t y 
o f w a t e r and a few m i l l i l i t e r s of EDTA i n e x c e s s . Al low t h e s o l u t i o n t o 
s t a n d f o r one t o two m i n u t e s . E x t r a c t s e v e r a l t i m e s w i t h 10 ml p o r t i o n s 
o f c h l o r o f o r m u n t i l t h e aqueous p h a s e i s f r e e of PAN. Add t o t h e e x t r a c t 
2 ml of c o n c e n t r a t e d HCl/lOO ml f i n a l volume and d i l u t e t o a known volume 
w i t h 9^ p e r c e n t e t h a n o l . Measure t h e a b s o r b a n c e o f t h i s s o l u t i o n a t 625 
mu a g a i n s t a b l a n k c o n t a i n i n g t h e same c o n c e n t r a t i o n o f HCl and PAN. 
P r e p a r e a c a l i b r a t i o n c u r v e by a d d i n g t h e same amount o f PAN i n d i ­
c a t o r s o l u t i o n a s i s u s e d i n t h e unknown p r o c e d u r e t o a s e r i e s of 50 p e r ­
c e n t e t h a n o l - w a t e r s o l u t i o n s which c o n t a i n from 1-25 ml of 2 x 1 0 " 4 F 
c o b a l t s o l u t i o n . T r e a t e a c h of t h e s e s o l u t i o n s a s o u t l i n e d above and p l o t 
t h e a b s o r b a n c e a t 625 mu v e r s u s c o n c e n t r a t i o n . 
R e s u l t s and D i s c u s s i o n 
The r e s u l t s of s e v e r a l p h o t o m e t r i c d e t e r m i n a t i o n s of c o b a l t , a l o n e 
and i n t h e p r e s e n c e of n i c k e l and some o t h e r m e t a l s , a r e p r e s e n t e d i n 
T a b l e 3« Fo r s o l u t i o n s c o n t a i n i n g Ni:Co m o l a r r a t i o s i n e x c e s s of 2 , 0 0 0 : 1 
a s m a l l c o r r e c t i o n f o r t h e t r a c e amounts of c o b a l t i n t r o d u c e d w i t h t h e 
s t o c k n i c k e l s o l u t i o n was n e c e s s a r y . A d e t e r m i n a t i o n o f t h e amount of c o ­
b a l t i n t h i s n i c k e l s o l u t i o n a c c o r d i n g t o t h e p r o c e d u r e o u t l i n e d gave a 
s l i g h t l y h i g h e r r e s u l t t h a n t h a t g i v e n b y t h e m a n u f a c t u r e r ' s a n a l y s i s . 
However, t h e u s e o f e i t h e r r e s u l t f o r t h e c o r r e c t i o n o f e x p e r i m e n t a l v a l u e s 
p r o d u c e d e s s e n t i a l l y t h e same c o r r e c t i o n f a c t o r . The o b s e r v e d t e n d e n c y 
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Tab le 3 . R e p r e s e n t a t i v e R e s u l t s o f t h e 
of C o b a l t i n N i c k e l and Some 
P h o t o m e t r i c 
O t h e r M e t a l s 
Be t e r m i n a t i o n 
ml 2 x 1 0 - 4 
CQ added 
ml Found B i f f . u.g Co Added Ni :Co 
Mola r R a t i o 









lOoOO 1 0 . 0 0 0 . 0 0 117-9 
1 0 . 0 0 9 . 9 0 - 0 . 1 0 1 1 7 . 9 
1 0 . 0 0 9-95 - 0 . 5 0 1 1 7 . 9 
1 0 . 0 0 1 0 . 0 0 0 . 0 0 1 1 7 . 9 5  
8 . 0 0 7 . 9 7 - 0 . 0 3 9 4 . 3 0 700 
1 0 . 0 0 1 0 . 0 0 0 . 0 0 1 1 7 . 9 1, 000 
5 . 0 0 5 .00 0 . 0 0 5 8 . 9 4 1, 000 
8 . 0 0 8 . 0 1 + 0 . 0 1 9 4 . 3 0 1, 000 
1 5 . 0 0 1 4 . 9 5 - 0 . 0 5 , 1 7 6 . 8 1, 000 
5 . 0 0 4 . 9 7 - 0 . 0 3 5 8 . 9 4 2, 000 
1 0 . 0 0 1 0 . 0 5 +0.-05 1 1 7 . 9 2, 000 
8 . 0 0 8 . 0 0 0 . 0 0 9 4 . 3 0 2 , 5 0 0 
8 . 0 0 7-95 - 0 . 0 5 9 4 . 3 0 3 ,000 
1 0 . 0 0 1 0 . 0 0 0 . 0 0 1 1 7 . 9 - 3 , 0 0 0 
5 . 0 0 5 .00 0 . 0 0 5 8 . 9 4 6,000 
1 0 . 0 0 1 0 . 0 0 0 . 0 0 117-9 6,000 
1 5 . 0 0 1 4 . 9 5 - 0 . 0 5 1 7 6 . 8 6,000 
5 . 0 0 5 .00 0 . 0 0 5 8 . 9 4 8 , 0 0 0 
1 0 . 0 0 9-95 - 0 . 0 5 1 1 7 . 9 8 , 0 0 0 
1 0 . 0 0 1 0 . 0 0 0 . 0 0 117-9 1 0 , 0 0 0 
8 . 0 0 8 . 0 0 0 . 0 0 9 4 . 3 0 1 2 , 0 0 0 
1 5 , 0 0 0 * 
* 
2 0 , 0 0 0 
1 0 . 0 0 9 -95 - 0 . 0 5 1 1 7 . 9 
5 . 0 0 4 . 9 7 - 0 . 0 3 5 8 . 9 5 
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Tab le 3- R e p r e s e n t a t i v e R e s u l t s o f t h e P h o t o m e t r i c D e t e r m i n a t i o n 
of C o b a l t i n N i c k e l and Some O t h e r M e t a l s (Conc luded) 
ml 2 x 1 0 " 4 ml Found D i f f . ug Co Added Ni :Co 
Co added "_ Mola r R a t i o 
1 0 . 0 0 9-95 - 0 . 0 5 1 1 7 . 9 2 0 , 0 0 0 * 
1 0 . 0 0 .9 .97 - 0 . 0 3 1 1 7 - 9 2 0 , 0 0 0 * 
f No EDTA added 
A e r a t e d f o r two h o u r s 
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t o w a r d s n e g a t i v e e r r o r s i s p r o b a b l y due t o t h e i n c o m p l e t e f o r m a t i o n o r 
t h e i n c o m p l e t e r e c o v e r y of t h e C o ( i l l ) - P A N complex . 
The optimum pH r a n g e f o r t h e f o r m a t i o n of t h e g r e e n c o b a l t complex 
was found t o be pH 2 . . 0 - 2 . 5 . At a pH h i g h e r t h a n 2 . 5 , a l o w e r r a t e o f f o r ­
m a t i o n was o b s e r v e d , and a t a pH l o w e r t h a n 2 . 0 , e r r a t i c r e s u l t s were o b ­
t a i n e d . 
A 50 p e r c e n t e t h a n o l - w a t e r s o l u t i o n i s n e c e s s a r y i n o r d e r t o p r e v e n t 
t h e p r e c i p i t a t i o n of t h e w a t e r i n s o l u b l e n icke l -PAN complex . I n c o m p l e t e 
c o l o r deve lopmen t was o b s e r v e d f o r s o l u t i o n s which became t u r b i d due t o 
t h e p r e c i p i t a t i o n of t h i s complex . I n c a s e s where a c o n s i d e r a b l e amount 
o f " f r e e " n i c k e l was p r e s e n t , 60 -70 p e r c e n t e t h a n o l - w a t e r s o l u t i o n s were 
o f t e n n e c e s s a r y . Upon t h e a d d i t i o n of c h l o r o f o r m t o s o l u t i o n s c o n t a i n i n g 
such a h i g h p e r c e n t a g e of e t h a n o l , a s i n g l e p h a s e i s o f t e n formed. Thus, 
i n o r d e r t o i n s u r e a d e q u a t e p h a s e s e p a r a t i o n , a c o n s i d e r a b l e q u a n t i t y o f 
w a t e r mus t b e added b e f o r e t h e e x t r a c t i o n can b e c a r r i e d o u t . 
The nieke1-PAN complex, i f e x t r a c t e d a l o n g w i t h t h e C o ( i l l ) - P A N 
complex, i n t e r f e r e s w i t h t h e p h o t o m e t r i c d e t e r m i n a t i o n s i n c e i t a b s o r b s 
s l i g h t l y a t 625 mp.. I n o r d e r t o a v o i d t h i s i n t e r f e r e n c e , t h e n i cke l -PAN 
complex i s d e s t r o y e d b y t h e a d d i t i o n o f e x c e s s EDTA b e f o r e e x t r a c t i o n . 
A l s o , HCl i s added t o t h e e x t r a c t i n c a s e a l l o f t h i s complex h a s n o t b e e n 
d e s t r o y e d b y EDTA. 
The r u l e t h a t t h e " f r e e N i" :Co m o l a r r a t i o s h o u l d be 2 0 0 : 1 o r l e s s 
c a n n o t b e s t r i c t l y f o l l o w e d f o r s o l u t i o n s c o n t a i n i n g l a r g e amounts of 
n i c k e l . F o r such s o l u t i o n s , a 2 0 0 : 1 r a t i o c o r r e s p o n d s t o t h e a d d i t i o n o f 
99+ p e r c e n t o f t h e volume o f EDTA r e q u i r e d . P o s i t i v e e r r o r s i n t h e r e s u l t s 
o f t h e p r e t i t r a t i o n s may l e a d t o t h e a d d i t i o n of an e x c e s s o f EDTA i n such 
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a c a s e . C o n s e q u e n t l y , f o r s o l u t i o n s h a v i n g Ni:Cd m o l a r r a t i o s i n e x c e s s 
o f 5 , 0 0 0 : 1 , i t was more p r a c t i c a l t o add 98 p e r c e n t of t h e volume of EDTA 
r e q u i r e d . The r e s u l t a n t s o l u t i o n s have " f r e e N i" :Co m o l a r r a t i o s much 
h i g h e r t h a n t h e p r e s c r i b e d 2 0 0 : 1 . The a d d i t i o n of a l a r g e r amount of PAN 
i n d i c a t o r s o l u t i o n a n d / o r a e r a t i o n f o r a l o n g e r p e r i o d of t i m e i s t h e n 
n e c e s s a r y t o f u l l y d e v e l o p t h e g r e e n c o l o r . With t h i s m o d i f i c a t i o n a p ­
p l i e d , two h o u r s a e r a t i o n was found t o be s u f f i c i e n t f o r r a t i o s up t o 
20, 0 0 0 : 1 . 
C o p p e r ( i l ) was e x p e c t e d t o i n t e r f e r e w i t h t h e p r o c e d u r e p r e s e n t e d 
above s i n c e i t i s known t o form a v e r y s t a b l e PAN complex . I t was t h o u g h t 
t h a t t h e f o r m a t i o n o f t h i s complex would d e c r e a s e t h e " f r e e " PAN c o n c e n ­
t r a t i o n t o such a d e g r e e t h a t t h e r e a c t i o n b e t w e e n c o b a l t and PAN would 
be p r e v e n t e d . I t was found t h a t , i n t h e p r e s e n c e o f e x c e s s PAN, c o b a l t 
i s c o m p l e t e l y c o n v e r t e d t o t h e g r e e n C o ( i l l ) - P A N complex i n m i x t u r e s h a v ­
i n g Cu:Co. m o l a r r a t i o s s l i g h t l y g r e a t e r t h a n 1 : 1 . However, a t h i g h e r m o l a r 
r a t i o s i n c o m p l e t e f o r m a t i o n of t h e C o ( l I l ) - P A N complex r e s u l t s . A l t h o u g h 
t h e " p a r t i a l m a s k i n g " of c o p p e r c o u l d p o s s i b l y be a c c o m p l i s h e d b y t h e a d ­
d i t i o n o f EDTA, t h i s s t u d y was c o n c e r n e d o n l y w i t h t h e d e t e r m i n a t i o n of 
c o b a l t i n n i c k e l and no i n v e s t i g a t i o n s a l o n g t h i s l i n e were c a r r i e d o u t . 
I f n i c k e l i s p r e s e n t such t h a t t h e Ni :Cu m o l a r r a t i o i s 5 0 : 1 o r g r e a t e r , 
and " p a r t i a l m a s k i n g " w i t h EDTA i s a p p l i e d , Cu:Co m o l a r r a t i o s a s h i g h a s 
5 0 0 : 1 can be t o l e r a t e d . I n t h i s c a s e , c o p p e r ( l l ) i s a l m o s t c o m p l e t e l y i n 
t h e form of i t s EDTA complex, and t h e amount l e f t uncomplexed does n o t 
i n t e r f e r e w i t h t h e r e a c t i o n b e t w e e n c o b a l t and PAN. Any C u ( l l ) - P A N which 
forms d u r i n g t h e c o u r s e o f t h e r e a c t i o n i s s u b s e q u e n t l y d e s t r o y e d b y t h e 
a d d i t i o n of e x c e s s EDTA b e f o r e t h e e x t r a c t i o n . 
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Cadmium and z i n c d i d n o t i n t e r f e r e a t m o l a r r a t i o s up t o 1 0 0 : 1 . 
However, t h e r a t e o f f o r m a t i o n o f t h e C o ( i l l ) - P A N complex seemed t o he 
d e c r e a s e d s l i g h t l y a t m o l a r r a t i o s g r e a t e r t h a n a b o u t 1 0 : 1 , and a l o n g e r 
a e r a t i o n p e r i o d ( a b o u t two h o u r s ) was c o n s i d e r e d n e c e s s a r y . 
I r o n ( l l l ) forms an e x t r a c t a b l e r e d PAN complex which i s n o t d e s ­
t r o y e d by t h e a d d i t i o n of e x c e s s EDTA o r b y t h e a d d i t i o n of HCl t o t h e 
e x t r a c t . Thus, i r o n ( l l l ) n o t o n l y d e c r e a s e s t h e " f r e e " PAN c o n c e n t r a t i o n 
i n t h e s o l u t i o n p r e v e n t i n g t h e f o r m a t i o n o f t h e C o ( i l l ) - P A N complex, b u t 
a l s o i n t e r f e r e s w i t h t h e p h o t o m e t r i c d e t e r m i n a t i o n due t o t h e a b s o r b a n c e 
o f t h e F e ( l l l ) - P A N complex a t 625 mu. U n e x p e c t e d l y , t h i s complex i s 
formed even when " p a r t i a l m a s k i n g " w i t h EDTA i s a p p l i e d , and a c o n s i d e r a b l e 
amount of n i c k e l i s p r e s e n t . C o n s e q u e n t l y , i r o n ( l l l ) can o n l y b e t o l e r a t e d 
f o r Fe:Co m o l a r r a t i o s of 1 0 : 1 o r l e s s . 
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CHAPTER IX 
INVESTIGATIONS OF PHOTOTITRATOR LINEARITY 
I n t r o d u c t i o n 
D u r i n g t h e c o u r s e of i n v e s t i g a t i o n s u t i l i z i n g a m o d i f i e d v e r s i o n 
of t h e p h o t o t i t r a t o r d e s i g n e d by F l a s c h k a and Sawyer (kl), a d e v i a t i o n 
from l i n e a r i t y was o b s e r v e d a t w a v e l e n g t h s b e t w e e n 400-500 mu. A s i m i l a r 
d e v i a t i o n was a l s o o b s e r v e d f o r t h e o r i g i n a l v e r s i o n o f t h e p h o t o t i t r a t o r 
i n t h e same w a v e l e n g t h r a n g e . A s u b s e q u e n t i n v e s t i g a t i o n of t h e sys t em 
u n d e r c o n s i d e r a t i o n i n d i c a t e d t h a t t h i s d e v i a t i o n was n o t due t o some 
c h e m i c a l phenomenon and t h a t a l i n e a r p h o t o t i t r a t o r r e s p o n s e s h o u l d be 
o b s e r v e d . S i n c e t h e s u c c e s s f u l a p p l i c a t i o n of p h o t o m e t r i c t i t r a t i o n s . i n 
t h i s w a v e l e n g t h r a n g e i s o f c o n s i d e r a b l e i n t e r e s t , an i n v e s t i g a t i o n t o 
f i n d b o t h t h e c a u s e of t h e d e v i a t i o n and t h e s t e p s which m i g h t be t a k e n 
t o p r o d u c e a l i n e a r p h o t o t i t r a t o r r e s p o n s e seemed i n o r d e r . 
F i r s t , t h e p r o p e r t i e s of sin i d e a l , g e n e r a l p u r p o s e p h o t o t i t r a t o r 
wh ich would be a p p l i c a b l e t o any and a l l n o n a u t o m a t i c p h o t o m e t r i c t i t r a ­
t i o n s s h o u l d b e c o n s i d e r e d . The c h a r a c t e r i s t i c s o f such an i n s t r u m e n t 
a r e p r e s e n t e d b e l o w . 
G e n e r a l : A p h o t o m e t r i c t i t r a t o r s h o u l d b e rugged , h i g h l y s t a b l e , 
r e l a t i v e l y i n e x p e n s i v e , and a s sJLmple i n d e s i g n and a p p l i c a t i o n a s p o s ­
s i b l e . S i n g l e beam i n s t r u m e n t s Eire b y r e a s o n of t h e i r s i m p l i c i t y and 
l o w e r c o s t t h e m o s t u s e f u l f o r t h i s p u r p o s e . 
L i g h t Source:: F o r a s i n g l e beam i n s t r u m e n t , t h e l i g h t s o u r c e s h o u l d 
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b e h i g h l y s t a b l e w i t h l i t t l e o r no f l u c t u a t i o n s i n l i g h t i n t e n s i t y . A l so 
some means o f r e g u l a t i n g t h e l i g h t i n t e n s i t y i s d e s i r a b l e . 
• Monochromator : A r e a s o n a b l e d e g r e e o f monochromacy i s n e c e s s a r y 
and can b e a c h i e v e d s a t i s f a c t o r i l y b y u s e of a s e r i e s of i n t e r f e r e n c e f i l ­
t e r s . However, a means of c o n t i n u o u s l y v a r y i n g t h e w a v e l e n g t h would b e 
p r e f e r r e d . 
P h o t o d e t e c t o r : The p h o t o d e t e c t o r s h o u l d be s t a b l e , s e n s i t i v e , and 
c a p a b l e of o p e r a t i o n o v e r t h e e n t i r e w a v e l e n g t h r a n g e o f i n t e r e s t . L i n e a r 
r e s p o n s e and a b s e n c e of f a t i g u e e f f e c t s a r e r e q u i r e d . The c h a r a c t e r i s ­
t i c s o f t h e p h o t o d e t e c t o r s h o u l d n o t be a f f e c t e d b y s t r o n g i l l u m i n a t i o n , 
s e l f - h e a t i n g , o r m o d e r a t e changes i n a m b i e n t t e m p e r a t u r e . 
E l e c t r i c a l C i r c u i t : The e l e c t r i c a l c i r c u i t s h o u l d be a s s i m p l e a s 
p o s s i b l e and i n s e n s i t i v e t o t e m p e r a t u r e changes and s t r a y m a g n e t i c o r 
e l e c t r i c a l f i e l d s . A p r o v i s i o n f o r s c a l e e x p a n s i o n f o r u se w i t h h i g h l y 
a b s o r b i n g s o l u t i o n s and f o r c a s e s where t h e a b s o r b a n c e c h a n g e s o n l y s l i g h t l y 
d u r i n g t h e c o u r s e of t h e t i t r a t i o n i s h i g h l y d e s i r a b l e . 
P h o t o t i t r a t o r B e s i g n 
The p h o t o t i t r a t o r d e s i g n e d b y F l a s c h k a and Sawyer o p e r a t e s on t h e 
f o l l o w i n g p r i n c i p l e s : a r a t h e r weak, n e a r l y p a r a l l e l l i g h t beam p a s s e s 
t h r o u g h t h e s o l u t i o n and e n t e r s t h e d e t e c t o r compar tment t h r o u g h an i n t e r ­
f e r e n c e f i l t e r . The l i g h t beam i s t h e n f o c u s e d on an e x t r e m e l y s m a l l p h o t o ­
d e t e c t o r w i t h o u t b e i n g a d d i t i o n a l l y weakened . Bue t o t h e o p t i c a l a r r a n g e ­
ment , o n l y t h e l i g h t e n t e r i n g w i t h i n a r a t h e r s m a l l a n g l e can s t r i k e t h e 
p h o t o d e t e c t o r , and t h i s a n g l e i s c o n s i d e r a b l y l e s s t h a n t h a t s u b t e n d e d b y 
t h e l i g h t h o u s i n g . Thus, o n l y t h e e x t r a n e o u s l i g h t wh ich h a s b e e n r e f l e c t e d 
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o r s c a t t e r e d b y t h e t i t r a t i o n v e s s e l o r t h e s o l u t i o n need be c o n s i d e r e d . 
F u r t h e r , t h i s e x t r a n e o u s l i g h t i s w h i t e and o n l y t h e s m a l l f r a c t i o n which 
i s p a s s e d b y t h e i n t e r f e r e n c e f i l t e r s t r i k e s t h e p h o t o r e c e p t o r ; t h e amount 
of such l i g h t i s n e g l i g i b l e . 
T h i s i n s t r u m e n t h a s b e e n u s e d f o r s e v e r a l y e a r s and h a s b e e n 
g e n e r a l l y found t o meet t h e r e q u i r e m e n t s f o r a p h o t o t i t r a t o r a s p r e s e n t e d 
above . - I t i s e x t r e m e l y i n s e n s i t i v e t o s t r a y l i g h t , s t a b l e , i n e x p e n s i v e , 
and s i m p l e i n d e s i g n . 
The m o d i f i e d v e r s i o n of t h i s p h o t o t i t r a t o r was c o n s t r u c t e d a s a 
p a r t of c o n t i n u i n g i n v e s t i g a t i o n s o f p h o t o t i t r a t o r d e s i g n . I t h a s t h e 
same p h y s i c a l and o p t i c a l a r r a n g e m e n t a s t h e o r i g i n a l p h o t o t i t r a t o r b u t 
employs a d i f f e r e n t t y p e of p h o t o d e t e c t o r . 
The p h o t o d e t e c t o r n o r m a l l y employed i n t h e p h o t o t i t r a t o r i s a 
Texas I n s t r u m e n t s IN2175 s i l i c o n d i f f u s e d p h o t o d u o d i o d e , which i s a v e r y 
s m a l l (12 mm i n l e n g t h , 2 mm i n d i a m e t e r ) p h o t o r e s i s t i v e d e v i c e w i t h a 
r e a s o n a b l e s e n s i t i v i t y ( a b o u t 22 ua /mw/cm 2 ) t h r o u g h o u t t h e v i s i b l e r e g i o n 
o f t h e s p e c t r u m . The m o d i f i e d v e r s i o n o f t h e p h o t o t i t r a t o r c o n t a i n s a 
Texas I n s t r u m e n t s LS222, which i s a p h o t o v o l t a i c d e v i c e of t h e same s i z e 
and a p p r o x i m a t e l y t h e same s e n s i t i v i t y a s t h e IN2175- A new p h o t o t i t r a ­
t o r c i r c u i t was n e c e s s i t a t e d b y t h e f a c t t h a t a l l p r e v i o u s c i r c u i t s u t i ­
l i z e d a p h o t o r e s i s t i v e r a t h e r t h a n a, p h o t o v o l t a i c d e v i c e . A s c h e m a t i c 
d i a g r a m of t h e c i r c u i t d e s i g n e d f o r u s e w i t h t h e LS222 i s p r e s e n t e d i n 
F i g u r e 1 2 . 
L i n e a r i t y I n v e s t i g a t i o n s 
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F i g u r e 1 2 . Schemat i c of t h e P h o t o t i t r a t o r C i r c u i t Employing t h e LS222 
98 
c o n s i d e r a b l e amounts of e x t r a n e o u s l i g h t , t h e d e v i a t i o n s from l i n e a r i t y -
o b s e r v e d b e t w e e n 4-OG-500 mu must be due t o some o t h e r a s p e c t o f t h e i r d e ­
s i g n . A f t e r c a r e f u l c o n s i d e r a t i o n o f e a c h d e s i g n f a c t o r , o n l y two p o s ­
s i b l e c a u s e s o f t h e s e d e v i a t i o n s c o u l d be found . These w e r e : 
1 . t h e p h o t o d e t e c t o r s do n o t g i v e a l i n e a r r e s p o n s e b e t w e e n k-00-
500 mu, and 
2 . l i g h t o f some w a v e l e n g t h o t h e r t h a n t h e n o m i n a l w a v e l e n g t h o f 
t h e i n t e r f e r e n c e f i l t e r i s b e i n g p a s s e d . 
Bo th p h o t o t i t r a t o r s were t e s t e d f o r l i n e a r i t y o f r e s p o n s e b y d e ­
c r e a s i n g t h e r a d i a n t power of t h e i r l i g h t beams w i t h s c r e e n s . The s i x 
s c r e e n s a v a i l a b l e were c a l i b r a t e d by m e a s u r i n g t h e i r a b s o r b a n c e s w i t h a 
Cary Model ik- s p e c t r o p h o t o m e t e r . Then t h e i r t r a n s m i t t a n c e (and t h u s t h e i r 
a b s o r b a n c e ) was m e a s u r e d i n e a c h p h o t o t i t r a t o r . F o r e a c h s c r e e n , t h e a b ­
s o r b a n c e m e a s u r e d i n b o t h p h o t o t i t r a t o r s was found t o b e h i g h e r t h a n t h a t 
m e a s u r e d i n t h e Cary . • If , however , t h e a b s o r b a n c e o f e a c h s c r e e n a s d e ­
t e r m i n e d i n t h e Cary was p l o t t e d v e r s u s t h e a b s o r b a n c e found w i t h t h e 
p h o t o t i t r a t o r s , two s t r a i g h t l i n e s w i t h s l o p e s l e s s t h a n one were o b ­
t a i n e d ; t h e s e p l o t s a r e p r e s e n t e d i n F i g u r e 1 3 . The s t r a i g h t l i n e o b t a i n e d 
f o r t h e p h o t o t i t r a t o r e m p l o y i n g t h e LS222 c o r r e s p o n d s a l m o s t e x a c t l y t o 
t h a t o b t a i n e d f o r t h e o t h e r e m p l o y i n g t h e IN2175. F l a s c h k a and B u t c h e r 
( 4 9 ) have e x p l a i n e d t h e phenomena p r o d u c i n g t h e d i f f e r e n c e i n s l o p e o f 
t h e s e l i n e s and have shown t h a t s u c h l i n e a r p l o t s imp ly l i n e a r p h o t o d e ­
t e c t o r r e s p o n s e . 
With t h e s t a b i l i t y o f b o t h p h o t o d e t e c t o r s a s s u r e d and t h e i r l i n e ­
a r i t y o f r e s p o n s e s t r o n g l y i m p l i e d , i t was t h e n n e c e s s a r y t o d e t e r m i n e 
w h e t h e r t h e i n t e r f e r e n c e f i l t e r s b e i n g u s e d were p a s s i n g l i g h t of a 
F i g u r e 1 3 . Measured S c r e e n Absorbance f o r Bo th P h o t o t i t r a t o r s 
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w a v e l e n g t h o t h e r t h a n t h e i r n o m i n a l w a v e l e n g t h . 
I n f r a r e d l i g h t was c o n s i d e r e d t h e mos t l i k e l y c a u s e of any d e v i a ­
t i o n s from l i n e a r i t y due t o nonmonochromacy o f t h e l i g h t s t r i k i n g t h e 
p h o t o d e t e c t o r . T h i s c o n c l u s i o n was r e a c h e d b e c a u s e b o t h t h e IN2175 and 
t h e LS222 a r e much more s e n s i t i v e i n t h e i n f r a r e d t h a n i n t h e v i s i b l e and 
u l t r a v i o l e t r e g i o n s of t h e s p e c t r u m . A l so , t r a n s m i t t a n c e c u r v e s o f t h e 
i n t e r f e r e n c e f i l t e r s b e i n g u s e d showed no l i g h t of any w a v e l e n g t h o t h e r 
t h a n t h a t e x p e c t e d b e i n g p a s s e d i n t h e v i s i b l e and n e a r u l t r a v i o l e t . 
I n o r d e r t o t e s t t h i s t h e o r y , e x p e r i m e n t s were p e r f o r m e d i n which 
s u c c e s s i v e i n c r e m e n t s o f m e t h y l o r a n g e s o l u t i o n were added t o an ammonium 
a c e t a t e b u f f e r e d s o l u t i o n i n a t i t r a t i o n v e s s e l . The a b s o r b a n c e of t h i s 
s o l u t i o n i n t h e p h o t o t i t r a t o r a t h^6 mu was f o l l o w e d . B u f f e r i n g was n e ­
c e s s a r y i n o r d e r t o p r e v e n t e q u i l i b r i u m e f f e c t s from p r o d u c i n g a c u r v a t u r e 
i n a d d i t i o n t o t h a t c a u s e d b y nonmonochromacy. An i n f r a r e d f i l t e r and a 
wide band i n t e r f e r e n c e f i l t e r were employed i n a d d i t i o n t o t h e p r i m a r y 
i n t e r f e r e n c e f i l t e r i n o r d e r t o a t t e n u a t e i n f r a r e d r a d i a t i o n . The c u r v e s 
o b t a i n e d w i t h and w i t h o u t t h e s e f i l t e r s i n t h e l i g h t beam a r e shown i n 
F i g u r e ik. The #4600 Corn ing IR b l o c k i n g f i l t e r (Curve B) d o e s n o t c u t 
o f f r a d i a t i o n c o m p l e t e l y b e l o w a b o u t one m i c r o n . Thus, t h e c u r v a t u r e e x ­
h i b i t e d when t h i s f i l t e r was u s e d was n o t u n e x p e c t e d . However, when a 
B a i r d Atomic wide b a n d i n t e r f e r e n c e f i l t e r wh ich b l o c k s IR r a d i a t i o n com­
p l e t e l y and h a s a h a l f band w i d t h of a p p r o x i m a t e l y 60 mu was u s e d , t h e 
c u r v e o b t a i n e d was l i n e a r a s l o n g a s t h e a b s o r b a n c e of t h e s o l u t i o n was 
1 .0 o r l e s s (Curve C ) . 
The r e s u l t s of t h e above e x p e r i m e n t s p r o v e c o n c l u s i v e l y t h a t non­
monochromacy due t o i n c o m p l e t e b l o c k i n g of IR r a d i a t i o n i s t h e c a u s e of 
1 0 1 
A 
ml C o l o r a n t S o l u t i o n 
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d e v i a t i o n s - from l i n e a r i t y a t s h o r t w a v e l e n g t h s , and, i n o r d e r t o u t i l i z e 
t h e s h o r t w a v e l e n g t h s f o r p h o t o m e t r i c t i t r a t i o n s , an i n t e r f e r e n c e f i l t e r 
which c o m p l e t e l y b l o c k s i n t h e IR r e g i o n , o r a c o m b i n a t i o n of an i n t e r ­
f e r e n c e f i l t e r and a good IR b l o c k i n g f i l t e r mus t be employed . 
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CHAPTER X 
COMPARISON OF PHOTOMETRIC AND LOGARITHMIC TITRATION CURVES 
I n t r o d u c t i o n 
I n C h a p t e r IV t h e r e s u l t s of t h e d e r i v a t i o n o f an e q u a t i o n f o r t h e 
c a l c u l a t i o n of s e l f i n d i c a t i n g p h o t o m e t r i c t i t r a t i o n c u r v e s were p r e ­
s e n t e d . These r e s u l t s show t h a t f o r a s e l f i n d i c a t i n g sys t em a t i t r a t i o n 
i s s t i l l f e a s i b l e when t h e p r o d u c t K ^ n ^ C^ i s a s low a s 50 . On t h e 
o t h e r hand, t h i s p r o d u c t mus t be g r e a t e r t h a n 1 0 4 i n o r d e r t o p e r f o r m a 
u s e f u l l o g a r i t h m i c (pM) t i t r a t i o n . Thus, i t i s a p p a r e n t t h a t p h o t o m e t r i c 
t i t r a t i o n s s h o u l d be of g r e a t v a l u e f o r s y s t e m s where t h e p r o d u c t K^. n^" C^ 
i s l e s s t h a n 1 0 4 . However, u n d e r e x p e r i m e n t a l c o n d i t i o n s , s i d e r e a c t i o n s 
of t h e m e t a l i o n o r c h e l o n , o r u n a c c o u n t e d f o r s o l u t i o n c o n d i t i o n s may 
p r o d u c e t i t r a t i o n c u r v e s which do n o t c o r r e s p o n d t o t h o s e c a l c u l a t e d u s i n g 
known s t a b i l i t y d a t a . T h e r e f o r e , i t seemed d e s i r a b l e t o s t u d y one o r more 
s y s t e m s f o r which l i n e a r and l o g a r i t h m i c t i t r a t i o n c u r v e s can be o b t a i n e d 
s i m u l t a n e o u s l y and t o compare t h e s e two t y p e s of c u r v e s w i t h r e s p e c t t o 
t h e f e a s i b i l i t y of e a c h t i t r a t i o n u n d e r v a r i o u s s o l u t i o n c o n d i t i o n s . I n 
a d d i t i o n , i f t h e v a l u e of t h e p r o d u c t K^.n (^" C^ can b e c a l c u l a t e d f o r t h e 
e x p e r i m e n t a l sys t em, a m e a n i n g f u l c o m p a r i s o n of t h i s v a l u e w i t h t h a t o b ­
t a i n e d b y m a t c h i n g e x p e r i m e n t a l and c a l c u l a t e d t i t r a t i o n c u r v e s may be 
made. 
lok 
E x p e r i m e n t a l 
I n o r d e r t o o b t a i n t i t r a t i o n c u r v e s f o r d i f f e r e n t v a l u e s of t h e 
p r o d u c t K ^ n ^ " 0 ^ two a p p r o a c h e s may be t a k e n . E i t h e r t h e c o n c e n t r a t i o n 
of t h e m e t a l i o n o r t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t of t h e complex can 
be v a r i e d . D e c r e a s i n g t h e c o n c e n t r a t i o n o f t h e m e t a l i o n t o any s i g n i f i ­
c a n t d e g r e e p r o d u c e s many e x p e r i m e n t a l d i f f i c u l t i e s . Thus, i t i s much 
more p r a c t i c a l t o v a r y t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t o f t h e complex. 
F o r t u n a t e l y , t h i s can be e a s i l y a c c o m p l i s h e d f o r EDTA t i t r a t i o n s by a d ­
j u s t i n g t h e pH of t h e s o l u t i o n a p p r o p r i a t e l y . The c o n d i t i o n a l s t a b i l i t y 
c o n s t a n t of t h e complex can t h e n b e c a l c u l a t e d b y t h e u s e of t h e a p p r o ­
p r i a t e a f a c t o r . 
I t was n e c e s s a r y t o f i n d a m e t a l i o n whose t i t r a t i o n c o u l d be f o l ­
lowed by b o t h p h o t o m e t r i c and l o g a r i t h m i c m e t h o d s . On e x a m i n a t i o n of t h e 
p e r i o d i c t a b l e , o n l y c o p p e r ( l l ) seemed l i k e l y t o mee t t h e s e r e q u i r e m e n t s . 
The p h o t o m e t r i c t i t r a t i o n of c o p p e r ( I I ) w i t h EDTA can be e a s i l y a c c o m p l i s h e d 
b y f o l l o w i n g t h e f o r m a t i o n o f t h e b l u e c o p p e r ( l l ) - E D T A complex a t "J00 mu. 
However, f i n d i n g a s u i t a b l e l o g a r i t h m i c t i t r a t i o n method p r o v e d much more 
d i f f i c u l t . A d i r e c t p o t e n t i o m e t r i c t i t r a t i o n of c o p p e r ( I I ) w i t h EDTA u s ­
i n g a p l a t i n u m i n d i c a t o r e l e c t r o d e and a s a t u r a t e d c a l o m e l r e f e r e n c e e l e c ­
t r o d e does n o t y i e l d u s a b l e r e s u l t s . The p o t e n t i a l m e a s u r e d a f t e r t h e 
a d d i t i o n of e a c h i n c r e m e n t of t i t r a n t i s s u b j e c t t o r a p i d and u n p r e d i c t a b l e 
f l u c t u a t i o n . T h i s may b e e x p l a i n e d i n t h e f o l l o w i n g manne r . The p o t e n ­
t i a l a c t u a l l y m e a s u r e d i s t h a t due t o t h e c o u p l e b e t w e e n c o p p e r ( i l ) and 
t h e s m a l l amount of c o p p e r ( i ) p r e s e n t i n e q u i l i b r i u m . A p p a r e n t l y t h e 
e q u i l i b r i u m c o n c e n t r a t i o n of c o p p e r ( l ) v a r i e s r a p i d l y when oxygen i s i n ­
t r o d u c e d a s t h e s o l u t i o n i s s t i r r e d . C o n s e q u e n t l y , a s l o n g a s t h i s s i t u a -
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t i o n e x i s t s , no d i r e c t p o t e n t i o m e t r i c t i t r a t i o n can be p e r f o r m e d . F o r t u ­
n a t e l y , a p o t e n t i o m e t r i c t i t r a t i o n o f c o p p e r ( i l ) w i t h EDTA i s f e a s i b l e by 
s t a b i l i z i n g t h e c o p p e r ( l ) a s i t s t h i o c y a n a t e complex (50)« The a d d i t i o n 
r o f t h i o c y a n a t e r e d u c e s f l u c t u a t i o n s of t h e p o t e n t i a l t o such a d e g r e e t h a t 
w e l l d e f i n e d t i t r a t i o n c u r v e s r e s u l t . 
I n o r d e r t o o b t a i n comparab le p h o t o m e t r i c and p o t e n t i o m e t r i c t i t r a ­
t i o n c u r v e s , i t was d e c i d e d t o p e r f o r m s i m u l t a n e o u s m e a s u r e m e n t s of a b s o r ­
b a n c e and p o t e n t i a l . Thus, d a t a f o r any p a i r o f c u r v e s a r e g a t h e r e d u n d e r 
e x a c t l y t h e same s o l u t i o n c o n d i t i o n s . However, t h e r e may be some s l i g h t 
v a r i a t i o n b e t w e e n d i f f e r e n t p a i r s o f c u r v e s due t o u n a v o i d a b l e d i f f e r e n c e s 
i n t h e manner i n which e a c h s o l u t i o n i s p r e p a r e d . 
P r o c e d u r e 
E x a c t l y 200 ml of a 1 x 1 0 " 3 F c o p p e r s o l u t i o n c o n t a i n i n g 1 ml o f 
a one p e r c e n t t h i o c y a n a t e s o l u t i o n was a d j u s t e d t o t h e d e s i r e d pH and t i ­
t r a t e d w i t h 0 . 1 0 0 F EDTA. The a b s o r b a n c e o f t h e s o l u t i o n was f o l l o w e d 
u s i n g t h e s e m i - i m m e r s i o n p h o t o t i t r a t o r d e s i g n e d by F l a s c h k a and B u t c h e r 
(^9) a d j u s t e d t o a p a t h l e n g t h o f f o u r cm. The p o t e n t i a l was f o l l o w e d 
u s i n g a Beckman R e s e a r c h Model pH m e t e r . 
R e s u l t s and D i s c u s s i o n 
E x p e r i m e n t a l c u r v e s o b t a i n e d f o r t h e t i t r a t i o n of 1 x 1 0 ~ 3 F 
c o p p e r ( l l ) s o l u t i o n s a t s e v e r a l pH v a l u e s a r e p r e s e n t e d i n F i g u r e 1 5 . As 
e x p e c t e d , t h e s l o p e s of t h e p o t e n t i o m e t r i c t i t r a t i o n c u r v e s a t t h e end 
p o i n t become s m a l l e r a s t h e pH o f t h e s o l u t i o n i s d e c r e a s e d „ At pH 1 .5 , 
t h e p o t e n t i o m e t r i c t i t r a t i o n c u r v e h a s d e g e n e r a t e d t o such a d e g r e e t h a t 
no p r e c i s e d e t e r m i n a t i o n o f t h e end p o i n t can b e made, and a t pH 1 .0 , an 
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end p o i n t c a n n o t be found a t a l l . On t h e o t h e r hand, t h e p h o t o m e t r i c 
t i t r a t i o n c u r v e s o b t a i n e d u n d e r e x a c t l y t h e same c o n d i t i o n s g i v e a c l e a r l y 
d e f i n e d end p o i n t even a t pH 1 . 0 . These r e s u l t s c o n f i r m t h e c o n c l u s i o n s 
made on t h e b a s i s of t h e o r e t i c a l c a l c u l a t i o n s a s t o t h e u s e f u l n e s s of 
p h o t o m e t r i c t i t r a t i o n s f o r s u c h l i m i t i n g c o n d i t i o n s . 
The s i m p l e s t and mos t d i r e c t p r o c e d u r e f o r d e t e r m i n i n g t h e v a l u e of 
^CuY^ ^Cu e a c i l e x P e r i m e n " t a l t i t r a t i o n c u r v e i s t o s u p e r i m p o s e a c a l ­
c u l a t e d t i t r a t i o n cu rve f o r which t h e v a l u e of t h i s p r o d u c t i s known. 
However, t h i s p r o c e d u r e c a n n o t be a p p l i e d w i t h t h e e x p e r i m e n t a l c u r v e s i n 
t h e form shown i n F i g u r e 15 , s i n c e c a l c u l a t e d c u r v e s a r e n o r m a l l y p r e s e n t e d 
i n an e n t i r e l y d i f f e r e n t form. C a l c u l a t e d l o g a r i t h m i c t i t r a t i o n c u r v e s 
a r e a p l o t of pM v e r s u s t h e f r a c t i o n of t h e m e t a l t i t r a t e d ( a ) r a t h e r t h a n 
a p l o t of p o t e n t i a l v e r s u s vo lume . C a l c u l a t e d p h o t o m e t r i c t i t r a t i o n 
c u r v e s , i n a d d i t i o n t o b e i n g a p l o t of a b s o r b a n c e v e r s u s a, a r e n o r m a l i z e d 
such t h a t t h e maximum a b s o r b a n c e ( i . e . , t h e a b s o r b a n c e c o n s i d e r a b l y p a s t 
t h e end p o i n t ) i s u n i t y . F o r t u n a t e l y , i t i s a r e l a t i v e l y e a s y t a s k t o 
c o n v e r t t h e d a t a f o r b o t h t y p e s of e x p e r i m e n t a l t i t r a t i o n c u r v e s such t h a t 
a v a l i d c o m p a r i s o n can be made. Volume d a t a can be ' p r e s e n t e d a s t h e f r a c ­
t i o n o f t h e m e t a l t i t r a t e d ( a ) b y d i v i s i o n of t h e volume a t e a c h p o i n t on 
t h e t i t r a t i o n c u r v e b y t h e c a l c u l a t e d end p o i n t vo lume . Absorbance d a t a 
can be n o r m a l i z e d by d i v i s i o n of t h e a b s o r b a n c e a t e a c h p o i n t on t h e t i ­
t r a t i o n c u r v e b y t h e maximum a b s o r b a n c e . A f t e r s u b t r a c t i n g t h e 0 . 2 ^ 2 v 
due t o t h e s a t u r a t e d c a l o m e l e l e c t r o d e from t h e m e a s u r e d c e l l v o l t a g e , 
p o t e n t i a l d a t a a r e o b t a i n e d t h a t can be a d j u s t e d t o a pM t y p e s c a l e b y 
d i v i s i o n by 0 . 0 5 9 1 -
The "pM" t i t r a t i o n c u r v e s o b t a i n e d a f t e r such c o n v e r s i o n s do n o t 
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c o r r e s p o n d e x a c t l y t o t h o s e c a l c u l a t e d , s i n c e t h e y a r e s h i f t e d i n a n e g a ­
t i v e d i r e c t i o n on t h e pM s c a l e . However, t h i s s h i f t i s no h i n d r a n c e t o a 
c o m p a r i s o n of t h e shape o f t h e c u r v e s . E i t h e r a v i s u a l s u p e r i m p o s i t i o n 
can he made, o r t h e s h i f t may be o b v i a t e d b y a p p l i c a t i o n of an a d d i t i v e 
c o r r e c t i o n such t h a t t h e i n i t i a l p o i n t on t h e c o n v e r t e d cu rve c o r r e s p o n d s 
t o t h a t f o r a = 0 on t h e c a l c u l a t e d c u r v e . F i g u r e l 6 shows t h e e x p e r i ­
m e n t a l t i t r a t i o n c u r v e s a f t e r c o n v e r s i o n i n t h e manner d i s c u s s e d a b o v e . 
A l t h o u g h no e x a c t m a t c h of e x p e r i m e n t a l and c a l c u l a t e d t i t r a t i o n 
c u r v e s c o u l d b e made, i t was p o s s i b l e t o make a c o m p a r i s o n on an a p p r o x i ­
mate b a s i s . The v a l u e s of K Q ° Y ^ found a t pH 2 . 0 , 1 .5 , and 1 .0 , r e ­
s p e c t i v e l y , were a p p r o x i m a t e l y 5 ,000 , 500, and 2 0 . 
On t h e o t h e r hand, v a l u e s of t h e p r o d u c t K ^ ^ " c a l c u l a t e d u s i n g 
known s o l u t i o n c o n d i t i o n s d i f f e r g r e a t l y from t h o s e found by s u p e r i m p o s i ­
t i o n . The v a l u e of t h i s p r o d u c t f o r e a c h p a i r of c u r v e s was d e t e r m i n e d 
u s i n g t h e known c o p p e r c o n c e n t r a t i o n of 1 x 1 0 ~ 3 F and t h e c o n d i t i o n a l 
s t a b i l i t y c o n s t a n t f o r t h e copper-EBTA complex c a l c u l a t e d u t i l i z i n g e q u a ­
t i o n ( l l ) o f C h a p t e r I . At pH 2 . 0 , 1-5, and 1 .0 , r e s p e c t i v e l y , t h e c a l c u ­
l a t e d v a l u e s were 130, 2, and 0 . 0 3 - On t h e b a s i s o f t h e s e v a l u e s a l o n e , 
t i t r a t i o n c u r v e s such a s t h o s e o b t a i n e d e x p e r i m e n t a l l y would n o t b e p r e ­
d i c t e d . 
O b v i o u s l y , some i m p o r t a n t f a c t o r which h a s a l a r g e i n f l u e n c e on t h e 
c o n d i t i o n a l s t a b i l i t y c o n s t a n t o f t h e copper-EBTA complex h a s n o t b e e n 
t a k e n i n t o a c c o u n t i n t h e s e c a l c u l a t i o n s . The s i m p l e s t e x p l a n a t i o n of t h e 
d i f f e r e n c e of t h e s e p r o d u c t s i s t h a t t h e t a b u l a t e d v a l u e o f t h e c o p p e r -
EBTA s t a b i l i t y c o n s t a n t i s i n e r r o r . However, t h i s v a l u e was e x p e r i m e n t a l l y 
d e t e r m i n e d i n a v e r y r i g o r o u s manner , and an e r r o r of t h e m a g n i t u d e n e c e s -
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s a r y t o p r o d u c e such a d i f f e r e n c e i s e x t r e m e l y u n l i k e l y . The o b s e r v e d d i f ­
f e r e n c e i n e x p e r i m e n t a l and c a l c u l a t e d v a l u e s o f t h e p r o d u c t c o u l d b e due 
t o i o n i c s t r e n g t h e f f e c t s . As was m e n t i o n e d i n C h a p t e r I , t h e v a l u e of 
t h e s t a b i l i t y c o n s t a n t of a metal-EDTA complex depends t o some e x t e n t on 
i o n i c s t r e n g t h . The t a b u l a t e d , v a l u e o f t h i s c o n s t a n t , and t h e v a l u e s o f 
t h e a c i d d i s s o c i a t i o n c o n s t a n t s f o r EDTA, which a r e u s e d t o c a l c u l a t e t h e 
QL f a c t o r , a r e g e n e r a l l y d e t e r m i n e d a t a s p e c i f i e d I o n i c s t r e n g t h ( u s u a l l y 
O . l ) . C o n s e q u e n t l y , t h e s e v a l u e s c a n n o t b e s t r i c t l y a p p l i e d f o r c a l c u l a ­
t i o n s a t any o t h e r i o n i c s t r e n g t h w i t h o u t i n t r o d u c i n g an e r r o r i n t o t h e 
r e s u l t . The a c t u a l v a l u e s of t h e copper-EDTA s t a b i l i t y c o n s t a n t and t h e 
EDTA a c i d d i s s o c i a t i o n c o n s t a n t s u n d e r t i t r a t i o n c o n d i t i o n s c a n n o t b e p r e ­
d i c t e d i f no a t tempt , i s made t o c o n t r o l t h e i o n i c s t r e n g t h . S i n c e t h i s 
was t h e c a s e f o r t h e e x p e r i m e n t a l t i t r a t i o n c u r v e s , some e r r o r i n c a l c u ­
l a t e d v a l u e s o f t h e c o n d i t i o n a l s t a b i l i t y c o n s t a n t was e x p e c t e d . A n o t h e r 
p o s s i b l e e x p l a n a t i o n of t h e o b s e r v e d d i f f e r e n c e i s t h a t mixed complexes 
of t h e t y p e Cu(HY), Cu(H 2 Y), a r e formed i n s o l u t i o n a t such e x t r e m e 
c o n d i t i o n s of pH. The e f f e c t s of t h e f o r m a t i o n of t h e s e complexes i s n o t 
t a k e n i n t o a c c o u n t i n t h e c a l c u l a t i o n s d i s c u s s e d a b o v e . The s t a b i l i t y 
c o n s t a n t s o f such mixed complexes would be c o n s i d e r a b l y l a r g e r t h a n t h o s e 
c a l c u l a t e d on t h e b a s i s of e q u i l i b r i u m c o n s i d e r a t i o n s a l o n e , and much 
b e t t e r l o g a r i t h m i c t i t r a t i o n c u r v e s t h a n e x p e c t e d would r e s u l t . 
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